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Mechanical properties of soft biological tissues are key to the functionality of 
such tissues. Indentation has become a leading technique for characterizing the localized 
mechanical properties of materials, and it is an increasingly popular technique for 
studying biological materials. This thesis investigates difficulties and challenges 
regarding the application of micro-scale indentation.  
This study first develops a novel approach, namely the multi-indent approach 
(MIA), which mitigates the long-standing challenge of surface detection and broadens the 
use of instrumented indentation for soft materials. The MIA is experimentally validated 
on isotropic polyacrylamide gel with load-unload cycles in indentation. Furthermore, it is 
applied to accurate characterization of poroelastic properties and allows for the use of 
much smaller probes and indentation depths for all measurements.  
This study also establishes a corrected method for non-circular contact between a 
spherical tip and the transversely isotropic material. It develops experimental methods to 
determine the indentation moduli of a locally transversely isotropic collagenous material 
as well as the correlation between the aspect ratios (ARs) of contact and correction 
coefficients for contact areas (RCA).  
Lastly, this study designs a method for selecting the spherical tip size for 
indentation based on the collagen fiber distribution in order to correctly sense the 
differences of local mechanical properties in heterogeneous tissues caused by the uneven 
fiber distribution. This thesis introduces methods and results that provide guidance and 
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CHAPTER 1: INTRODUCTION 
1.1 MOTIVATION FOR USE OF INDENTATION 
 
Indentation is a common technique to determine the hardness of a material. It monitors 
the real-time load and indentation depth of a tip with well-defined geometry and employs these 
data, combined with models, to obtain material properties.1–4 Indentation measurements can be 
applicable at the macro-, micro-, or nano-scale depending on the forces and displacements in use.  
Indentation at the macro-scale hardness of materials is a quick and simple method to 
obtain mechanical property data for the bulk material from a small sample. It is also widely used 
for quality control of surface treatment processes. However, when concerned with coatings and 
important surface properties for friction and wear processes, for instance, the macro-indentation 
depth is too large in relation to the surface-scale features, so a smaller-scale indentation is 
needed.4–7  
Micro-indentation tests the indentation hardness of a material by forcing an indenter, 
such as a Vickers or Knoop indenter, into the surface of the material under 0.1N to 10N load.3,8–
10 On the micro-scale, the indentation marks are so small that they must be measured with a 
microscope. Micro-indentation is capable of measuring the hardness of different micro-
constituents within a structure, and the microscopic hardness of the material can be converted to 
the microscopic tensile strength or other hardness on macro-scales (e.g. Rockwell). Many metals 
and alloys have been studied with micro-indentation,11,12 and it has also been applied to hard 
biological tissues, such as bone.13–16 
Indentation is additionally used to investigate the indentation modulus of soft materials. 




biological tissues.6,17,20,21 Micro-indentation is especially useful for differentiating properties 
over small regions, e.g. an area of several micrometers, through the use of probe sizes that range 
from 10µm to 1mm as well as high force and displacement resolution (less than 1nN, 1nm).22,23 
Thus, indentation has been increasingly recognized as an efficient approach to understanding the 
biological process of diseased or damaged tissues.5,10,24 Few studies have used micro-indentation 
to study soft tissues whose moduli are less than 1MPa.10,18,25,26 For example, Yao et al. have 
characterized the shear modulus and poroelastic properties of the human cervix,27 Slaboch et al. 
typified rat thrombus relaxation behavior with indentation,28 Chhetri et al. have studied elastic 
properties of vocal folds,29 and Gupta et al. have defined porcine cartilage time-independent 
properties.30  
1.1.1 Indentation devices 
Indentation tests have commonly used two major types of indentation systems: 
instrumented indentation and cantilever-based indentation, which includes atomic force 
microscopy (AFM). Figure 1A24,31–33 depicts a schematic of the former, while Figure 1B20,34,35 
illustrates the latter. 
Cantilever-based indentation uses optical interferometry to measure the deflection at the 
end of a cantilever beam that has a tip installed, and it calculates the load according to the 
calibrated stiffness of the cantilever.20,34,35 The research presented in Chapter 5 utilized a 
commercial cantilever-based indenter with a 9-µm indenter tip that was made by Piuma Inc., 
Netherlands.  
Instrumented indentation is also known as depth-sensing indentation. It enables the 
measurement of the displacement of a probe along with the load during contact with the material 




Typically, instrumented indentation is capable of measuring displacement of a couple of microns 
or tens of microns. The TI-950 Hysitron Tribo-indenter is a commonly employed instrumental 
indentation device that was used in one of the experimental approaches in Chapters 3 and 5. 
 
Figure 1 (A) Schematic of the working principal of a typical instrumented indenter; the load and 
displacement sensors are placed in alignment with the direction of indentation (B) Schematic of 
the working principal of a typical cantilever-based indenter; displacement is controlled at the 
actuator side, which is the tip-less end of the cantilever 
1.2  CHALLENGES IN INDENTATION OF SOFT MATERIALS 
 
1.2.1 Challenge in surface detection  
Detecting the sample surface is arguably one of the most crucial challenges in 
determining accurate material properties with currently available commercialized indenters. For 
soft materials, the preload must be sufficiently large to register contact with the material surface.  
With too small of a preload, the tip-fluid interaction can trigger false engagement, or false 
engagement can be triggered before full contact is made. With such large preloads, the 
indentation test typically starts from a deformed surface, i.e. with the probe at some initial 




relevant for systems with a small retraction distance of approximately 150 nm.  This initial 
indentation depth can be on the order of microns.  There is currently no non-destructive method 
to determine the initial depth, and the result is an overestimation of properties such as Young’s 
modulus and shear modulus.  
Previous studies have suggested tracking the surface deformation with florescent particles 
as a means to resolve the surface detection problem.36 This method requires specialized 
equipment, and not all materials can be prepared with fluorescent beads on the surface. Li et al. 
and Bhushan et al. have proposed surface detection by monitoring the change in stiffness through 
cyclic loading; however, the theory was developed for rigid plastic materials.37 This approach is 
not applicable to viscoelastic and viscoelastic-plastic materials because it does not account for 
time-dependent behavior. Ebenstein et al. have examined surface detection through dynamic 
testing. High-frequency dynamic testing can result in sample heating, which in turn can cause 
softening or even melting.38 Other studies have not addressed the surface detection problem at 
all. Chapter 3 further discusses the technical challenge of surface detection in indentation. 
 
1.2.2 Challenge in estimating the contact area on transversely isotropic collagenous tissue 
Transversely isotropic materials have material properties in the second and third principal 
directions that are the same.39–41 A low degree of anisotropy entails that the material properties, 
such as elastic modulus, shear modulus, and Poisson’s ratio, have nearly the same values in each 
principal direction. A high degree of anisotropy in transversely isotropic materials conveys that 
the elastic modulus, shear modulus, and Poisson’s ratio in the two principal directions can be 
drastically different.39,40,42 




modulus.17,43 Determining the contact between a rigid spherical indenter and a transversely 
isotropic heterogeneous collagenous tissue requires a method of determining the contact at the 
local region of the material. For transversely isotropic materials, two types of contact models to 
describe anisotropic material behavior have usually been used: the circular contact 
approximation and the elliptical contact model.44–46 The circular approximation is easy in 
calculation44,47 but is only suitable for fiber reinforced materials with low degree of 
anisotropy.44,47 The elliptical contact model is more accurate for determining contact area and is 
usually numerically solved.44,47 Both models require the knowledge of material properties in 
three principal directions of the material. In order to apply the elliptical theory, the tensile 
modulus along and perpendicular to the material symmetry axis needs to be evaluated through 
uniaxial tensile tests.40–42 However, many collagenous tissues are both heterogeneous and 
anisotropic.48,49 Measuring the local tensile modulus in these cases is highly difficult, if not 
impossible. Therefore, locally estimating the contact area for such complex tissues is challenging. 
Chapter 4 elaborates on the issue of estimating the non-circular contact.  
1.2.3 Challenge in determining the tip size for indentation 
Biological tissues, including those of the cervix and tendons, are fiber-reinforced soft 
tissues. They can be described as a composite of a homogeneous isotropic solid matrix with 
collagen fibers distributed in it. Natural tissues are hierarchically structured materials that exhibit 
a variety of structural and mechanical characteristics in fibers over a range of length scales.6,18,50 
As a consequence of their varied structure, these tissues exhibit different mechanical properties 
at different length scales.  
The indentation modulus on the same tissue is reported in a wide range, and a variety of 




indentation modulus, the selection of the tip size is critical in terms of its association to the 
underlying fiber distribution structures. Chapter 5 addresses tip size effects based on fiber 
dimension and structure analyses. 
1.3  THESIS ORGANIZATION 
 
1.3.1 Thesis motivation 
The present work aims to characterize soft materials and biological tissues by means of 
indentation. For this purpose, theoretical and technological limitations that relate to the 
indentation of soft isotropic materials were investigated with a commercial nanoindenter 
(Hysitron TriboIndenter) that is frequently employed for the indentation of hard materials. In 
addition to difficulties concerning the experimental procedure, the analysis of experimental data 
for anisotropic material by reliable models is critical to accurately characterize the mechanical 
response of the material under indentation tests. The following chapters investigate these yet-
unresolved difficulties and limitations. 
1.3.2 Thesis Outline 
Chapter   2, “Theories,” identifies the theories that have informed this thesis and its 
analysis.  
Chapter 3, “Multi-indent approach to detect the surface of soft materials during 
indentation,” addresses the challenges of surface detection that were noted in Section 1.2.1. It 
specifically develops a novel method to estimate the true indentation depth and indentation 
modulus. 
Chapter 4, “Method to determine non-circular contact and elastic moduli of transversely 
isotropic collagenous tissue using indentation,” contends with the challenges in estimating the 




to acquire images of non-circular contact for transversely isotropic collagenous tissue. These 
images are used to determine the AR of the non-circular contact and then to obtain a better 
measure of the local indentation modulus.  
Chapter 5, “Method to choose correct tip size based on the fiber dimension and 
structure,” approaches the challenge of choosing a tip size in relation to the fiber distribution 
characteristics that was explained in Section 1.2.3. This chapter also exemplifies how the 
methods that Chapters 3 and 4 develop can be applied to an anisotropic biological tissue.  
Chapter 6 concludes the work and specifies the contributions of this thesis. 
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CHAPTER 2: CONTACT THEORIES 
 
A key influential factor in the indentation process is the interaction of the indenter tip 
with the test material. In this regard, previous research has extensively documented contact 
theories. This section provides an introduction to such theories. 
2.1  ISOTROPIC CONTACT THEORIES 
 
2.1.1 Hertzian contact between sphere and a half-plane 
The contact solution for two deformable and frictionless homogeneous elastic bodies is 
well developed.1–3 When an elastic sphere of radius R, here a spherical indenter, indents on 
elastic half-space with a contact area of radius a, the contact radius relates to the R and the 
indentation depth d (Equation 1).1,4  
a = Rd		(1) 
The force that is applied to the sample follows Equation 2, where k is a coefficient 
relating to R and the indentation modulus E*. Equation 3 and Equation 4 express this modulus, 
which relates to the indenter properties E* and v* as well as to the sample properties	E,	and	v,. If 
the indenter is much stiffer than the sample, then E* can be expressed as Eqn5. The shape of the 
two contact entities determines the exponent q, which is a shape factor. For the elastic contact 
between a sphere and a half-plane, q = 1.5. Equation 6 illustrates the expression of total contact 
force.5 This study uses this form.2,6 

























Equations 1 through 4 yield an expression for the contact radius as a function of the total 
force, indenter radius, and the indentation modulus. Equation 7 presents the final expression for 






2.1.2 Oliver-Pharr model 
The method that this study introduces, namely the multi-indent approach (MIA), derives 
from the popular Oliver-Pharr model.7 The Oliver-Pharr model has been most widely applied to 
elastic materials with a Young’s modulus greater than 1MPa. It has been less commonly used for 
materials with a modulus between 50kPa and 1MPa, and even more rarely for softer materials.4 
In order to introduce specific concepts and notation that relate to the MIA, Figure 2 and 
Equations 1 through 7 provide an overview of the Oliver-Pharr model.  
 
Figure 2. Schematics depicting (a) the geometry of the indentation and (b) the corresponding load-





Figures 2A and 2B are schematics of the geometry of indentation and the resultant load-
displacement curve during loading and unloading, respectively. During the indentation 
experiment, the probe continuously indents the material to the maximum load, Pmax, and 
maximum indentation depth, hmax (Figure 2).  The depth over which the indenter is in contact 
with the material is the contact depth, hc (Figure 2A).  The distance from the contact separation 
point to the non-deformed surface of the sample is the “sink-in” depth, which is denoted as hs 
(Figure 2). It is expressed in Equation 8,7 where	ε is a constant that depends on the geometry of 
the indenter and is equal to 0.75 for a spherical probe.7,4 The sum of the sink-in depth and the 
contact depth is the maximum depth of the indenter, and Equation 9 defines their relationship.  
The projected or contact area A of the spherical indenter, which is in contact with the 
material, depends on the contact depth according to Equation 10, where R is the radius of the 
spherical indenter tip.7 The contact area is involved in the calculation of the Young’s modulus of 





hF = hGHI − ε
ABCD
E
    (9) 
A = π 2RhF − hF
7     (10) 
The slope of the unloading curve evaluated at Pmax is the contact stiffness S, which is 
illustrated in Figure 1B and expressed by Equation 11.  It is a function of the indentation 
modulus E* the contact area A and a geometric constant β, which has an approximate value of 
one for the spherical indenter.7 The modulus of the sample and that of the indenter are contained 
within Equation 12 for the effective modulus, where the subscript s refers to the properties of the 




indenter, respectively. Likewise, 	v, and v* are the Poisson’s ratio of the sample and the indenter, 
respectively.  
S = β 7
N













    (13) 
The indenter that was used for this research was sapphire and had a Young’s modulus of 
345GPa, while the materials of interest all had a modulus far below 100kPa.  Therefore, the 
second term of Equation 12 is small and negligible, which leaves Eeff  in the form of Equation 13.  
Substituting hc, A, and Eeff from Equations 9, 10, and 13, respectively, into Equation 11 yields 
Equation 14:  




π 2R hGHI − ε
ABCD
E
− (hGHI − ε
ABCD
E
)7 		    (14) 
2.2  TRANSVERSELY ISOTROPIC CONTACT THEORIES 
 
2.2.1 Circular contact approximation 
Turner has presented a general and convenient solution to determine the contact radius 
for transversely isotropic contact problems. The approach uses formulae that are similar to those 
that are utilized for isotropic contact problems.1,8 Equation 15 gives the modulus in Turner’s 
solution, which is the equivalent transversely isotropic modulus Eequ instead of the isotropic 










Eequ relates to the five material parameters that characterize a transversely isotropic 
material. E5 and v5 are the elastic modulus and Poisson’s ratio in the first principal direction x in 
the contact plane, and E7, v7 are the elastic modulus and Poisson’s ratio in the second principal 
direction y. In this study, v5 = v7 = v, while G is the shear modulus of the material. Equations 
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2.2.2 Numerical analysis for elliptical contact solution  
The exact solution for the contact zone requires that the stress or strain distribution under 
the contact is known. Then, the contact edges are defined at the points where the stresses or 
strains in the loading direction are zero. For transversely isotropic materials, the exact contact 
zone is assumed to be an ellipse. The pressure distribution under contact provides the evaluation 
of the strain distribution as demonstrated in Equation 18, where x and y are respectively first and 
second principal directions on the contact surface,1,10 p is the contact pressure, and b and a are 
respectively the major and minor semi-axes of the elliptical contact. 






Equation 191,10 gives the strain in the loading direction ε;;, which relates to the surface 
displacement in the loading direction u; and pressure distribution. 




Since u;(x, y) cannot be explicitly found, finite element analysis tools can help solve the 
strain distribution on the sample surface. After determining the solution for u(x,y), the contour of 
the strain distribution can be found. The zero-strain point on the x-axis is denoted as xhc, and the 
zero-strain point on the y-axis is yhc. Based on the assumption of elliptical contact, Equation 
201,10 provides the two semi-axes of the contact zone, a and b. 
a = xhc, b = yhc	(20) 
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CHAPTER 3: A MULTI-INDENT APPROACH TO DETECT THE SURFACE OF SOFT 
MATERIALS DURING INDENTATION 
3.1  INTRODUCTION 
 
3.1.1 Instrumented indentation 
Instrumented indentation is a technique with high force and displacement resolution. It 
measures the local mechanical properties of a material.52,50,20 The technique monitors the real-
time load and indentation depth of a tip with a well-defined size and geometry, and it uses these 
data in combination with models to obtain material properties.4,12 Instrumented indentation 
enables the differentiation of properties over small regions through the use of probe sizes that 
range from 10µm to 1mm as well as high force and displacement resolution that is less than 1nN 
and 1nm, respectively.4,53,29,54 Soft gels with a modulus ranging from 10kPa to 100kPa have been 
characterized through instrumented indentation with tip sizes between 100µm and 1mm and 
conical, spherical, or spherical-shaped tips.1,4,29,55,56 4,25 The primary obstacle in testing soft 
materials with instrumented indentation is the detection of the sample surface. This paper 
addresses this key challenge.  
Instrumented indentation has been increasingly recognized as an efficient way to 
understand the biological process of diseased or damaged tissues, which are typically soft and 
heterogeneous on a scale of tens to hundreds of micrometers.4,50 The technique has been applied 
to tissues such as bone and cartilage.16,30,57 However, fewer studies have examined softer tissues 
with moduli less than 1MPa, which is in part due to problems with surface detection.50,24 Yao et 
al. have characterized the shear modulus and poroelastic properties of human cervix,25 Slaboch et 
al. have typified rat thrombus relaxation behavior with indentation,28 Chhetri et al. have studied 
elastic properties of vocal folds,29 and Gupta et al. have identified porcine cartilage time-




biological materials has driven demand for a more accurate and reliable approach to measure the 
mechanical properties of these materials via instrumented indentation. This thesis presents an 
approach to address the issue of surface detection for the indentation of soft materials.   
3.1.2 The surface detection problem for the indentation of soft materials 
Several challenges complicate the collection of accurate and repeatable data through 
instrumented indentation of soft materials. Among them, surface detection is arguably the most 
crucial.24,58,47 For soft materials, the preload must be sufficiently large to register contact with the 
material surface.  With too small of a preload, the tip-fluid interaction can trigger false 
engagement, or false engagement can be triggered before full contact is made.  With such large 
preloads, the indentation test typically starts from a deformed surface, i.e. with the probe at some 
initial preload-induced indentation depth that is below the undeformed surface. This is especially 
relevant for systems with a small retraction distance of approximately 150 nm. This initial 
indentation depth can be on the order of microns.  There is currently no non-destructive method 
to determine the initial depth, and the result is an overestimation of properties such as Young’s 
modulus and shear modulus.58,47   
Previous studies have suggested tracking the surface deformation with florescent particles 
as a means to resolve the surface detection problem.47 However, this method requires specialized 
equipment, and not all materials can be prepared with fluorescent beads on the surface. Li et al. 
and Bhushan et al. 37 have proposed surface detection by monitoring the change in stiffness 
through cyclic loading; however, the theory was developed for rigid plastic materials. This 
approach is not applicable to viscoelastic and viscoelastic-plastic materials because it does not 
account for time-dependent behavior.37 Ebenstein et al. have engaged with surface detection 




can in turn cause softening or even melting.12 Other studies have not addressed the surface 
detection problem at all.52,53,29 
This chapter of the thesis proposes the MIA, which indirectly detects the sample surface 
by determining the preload-induced initial indentation depth. With this initial indentation, the 
actual indentation depth is greater than the apparent depth, which is defined as the user-
prescribed indentation depth. The underestimation of the actual indentation depth inflates the 
modulus and affects poroelastic properties. The present work employed instrumented 
nanoindentation to measure the linear elastic and poroelastic properties of polyacrylamide gels, 
and it compares results from the MIA to those obtained by the Oliver-Pharr approach.2 Bulk 
uniaxial compression test data set the standard for comparison of the Young’s modulus and shear 
modulus to the indentation results.  
3.1.3  Overview of the Oliver-Pharr model  
The MIA method that this study introduces derives from the popular Oliver-Pharr 
model.7 The Oliver-Pharr model has been most widely applied to elastic materials with a 
Young’s modulus greater than 1MPa. It has been less commonly used for materials with a 
modulus between 50kPa and 1MPa, and even more rarely for softer materials.4 In order to 
introduce specific concepts and notation that relate to the MIA, Figure 2, and Equations 1 
through 7 provide an overview of the Oliver-Pharr model.  
Figures 2A and 2B are schematics of the geometry of indentation and the resultant load-
displacement curve during loading and unloading, respectively. During the indentation 
experiment, the probe continuously indents the material to the maximum load, Pmax, and 
maximum indentation depth, hmax (Figure 2).  The depth over which the indenter is in contact 




The distance from the contact separation point to the non-deformed surface of the sample 
is the “sink-in” depth, which is denoted as hs (Figure 2). It is expressed in Equation 22,7 where ε 
is a constant that depends on the geometry of the indenter and is equal to 0.75 for a spherical 
probe.7,4 The sum of the sink-in depth and the contact depth is the maximum depth of the 





hF = hGHI − ε
ABCD
E
    (23) 
The projected or contact area A of the spherical indenter, which is in contact with the 
material, depends on the contact depth according to Equation 24, where R is the radius of the 
spherical indenter tip.7 The contact area is involved in the calculation of the Young’s modulus of 
the sample, Es, in Equations 25 through 27.   
A = π 2RhF − hF
7     (24) 
The slope of the unloading curve evaluated at Pmax is the contact stiffness S, which is 
illustrated in Figure 1B and expressed by Equation 25.  It is a function of the indentation 
modulus E* the contact area A and a geometric constant	β, which has an approximate value of 
one for the spherical indenter.7 The modulus of the sample and that of the indenter are contained 
within Equation 26 for the effective modulus, where the subscript s refers to the properties of the 
sample, and i represents those of the indenter. Thus, Es and Ei are the modulus of the sample and 
indenter, respectively. Likewise,	v, and v* are the Poisson’s ratio of the sample and the indenter, 
respectively.  
S = β 7
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    (27) 
The indenter that was used for this research was sapphire and had a Young’s modulus of 
345GPa, while the materials of interest all had a modulus far below 100kPa.  Therefore, the 
second term of Equation 26 is small and negligible, which leaves Eeff in the form of Equation 27.  
Substituting hc, A, and Eeff from Equations 23, 24, and 27, respectively, into Equation 25 yields 
Equation 7:  




π 2R hGHI − ε
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E
− (hGHI − ε
ABCD
E
)7 		    (28) 
3.2 MULTI-INDENT APPROACH 
 
3.2.1 Theory of the MIA for the Oliver-Pharr model 
To introduce the MIA and demonstrate its determination of the Young’s modulus, we use 
the Oliver-Pharr model. Figure 3 depicts the geometry of the indentation with a spherical 
indenter and notation that are specific to our approach.  
 
Figure 3. Schematic for the initial indentation depth ho and its relationship to the actual maximum 
indentation depth hGHIHFjYHk as well as the apparent maximum indentation depth hGHI
HllHmWnj 
 
We address the problem of determining the initial indentation depth ho that results from 




the sample, then the maximum indentation depth readout from the data, which we call the 
apparent maximum depth hGHI
HllHmWnj, is less than the actual depth of the probe in the sample, 
hGHIHFjYHk (Figure 3). We take this initial indentation depth into account by adding it to the apparent 
maximum indentation depth as in Equation 8. Substituting hGHIHFjYHk	 from Equation 29 into 
Equation 28 yields Equation 30. If the smaller maximum indentation depth hGHI
HllHmWnj is used to 
determine the sample modulus Es, then it obtains a modulus value that is inflated in relation to 
the actual sample modulus.   
 
hGHIHFjYHk = hc + hGHI
HllHmWnj    (29) 




π 2R hc + hGHI
HllHmWnj − ε ABCD
E
− (hc + hGHI
HllHmWnj − ε ABCD
E
)7     (30) 
 
We determine ho by measuring two sequential contact stiffnesses, S1 and S2, at the same 
location, and we assume that the associated initial indentation depth is the same for each. With 
the two contact stiffnesses, we take the ratio of the squares of S1 and S2 and eliminate common 
terms from Equation 30, including unknowns such as Es and Ei. Cancelling terms yields Equation 
31. The squared terms in the numerator and denominator on the right-hand side of Equation 31 
are small for the depths considered here and are therefore neglected. Finally, the initial 



























    (32) 
The two contact stiffnesses S1 and S2 are obtained at two different maximum indentation 
depths, which allows for the determination of ho and, therefore, the actual indentation depth 
hGHIHFjYHk . We substitute this value into Equation 30 for either S1 or S2, and we determine the 
Young’s modulus of the material from this procedure. This is repeated with the same preload at 
multiple locations for a homogeneous sample in order to obtain multiple measurements for an 
average value.  Alternatively, for a heterogeneous sample, this is repeated at different preloads in 
the same location.  
3.2.2 Theory of the MIA for Hertzian contact model 
The underlying theory of applying the MIA to the Hertzian contact model closely 
resembles that of applying it to the Oliver-Pharr model. Section 2.1 has described the Hertzian 
contact theory. With the linear relationship between the maximum indentation force PGHI and the 
1.5 exponent of indentation depth h, the initial indentation depth h0 can be determined through 
PGHI5, PGHI7, hGHI5
HllHmWnj, and hGHI7








U/= .  
3.2.3 Use of the MIA to obtain poroelastic material properties 
In many soft materials, including polyacrylamide and other hydrogels as well as 
biological tissues, poroelasticity has an important role in the material response. Kalcioglu and 
others have evidenced that the poroelastic response is contact-area dependent.5,28,29 Therefore, 
having an accurate value for the contact depth hc, which is determined from knowing the initial 
indentation depth ho, is also significant in determining accurate poroelastic properties. Of 
particular interest in poroelastic materials are properties such as shear modulus, G, Poisson’s 




Poroelastic properties are obtained through stress relaxation tests. The shear modulus 
depends on the maximum load Pmax, the contact depth hc, and the radius of the contact depth, a, 
as defined in Figure 2 and Equation 33.  Here, for the spherical indenter, a = RhF, and hc is 
given by Equation 33.2 Equation 34 yields hc after accounting for the initial indentation depth, 




GahF    (33) 
hF = hGHIHFjYHk − ε
ABCD
E




G RhF − hF7(hGHIHFjYHk − ε
ABCD
E
	)    (35) 
 
Poisson’s ratio is determined from the ratio of the maximum load, Pmax, to the relaxed 
load P∞ in Equation 36. According to previous studies,60 diffusivity D is acquired by fitting the 
normalized force response to Equation 37, given for a spherical indenter, in which τ=D/a2 is the 
characteristic relaxation time constant, and P(t) is the load-time response.   
ABCD
A{
= 2(1 − ν)  (36) 
A(j)RA{
ABCDRA{
		= 0.77exp	(−1.92τc.) + 0.23exp	(−0.44τc.7)   (37) 
Finally, the intrinsic permeability κ is found through Equation 38, where η  is the 
viscosity, which is 1.1x10-3 Pa.s for the phosphate buffered saline (PBS) used here.  
k = (5R7Sv)
7(5RSv)




By plotting the normalized force against time normalized by a2, we can demonstrate 
whether the material response is dominated by viscoelastic or poroelastic effects. If the 
normalized force-time curves that are obtained at different maximum indentation depths collapse 
onto a single curve, then the poroelastic material response dominates over the viscoelastic 
response.19  
3.3 EXPERIMENTAL METHODS 
 
3.3.1 Sample preparation for bulk compression and indentation tests 
Hydrogels with modulus of 19kPa and 49kPa were made for uniaxial compression and 
instrumented indentation experiments by preparing polyacrylamide gels according to Poellmann 
et al.61 The chemical components for gels of each stiffness were mixed, cast for indentation or 
compression tests, and finally polymerized for 10 minutes at room temperature. The 19kPa gel 
contained 58.6wt% DI water, 20% acrylamide stock, and 10% bis stock; the 49kPa gel contained 
43.6wt% DI water, 30% acrylamide stock, and 15% bis stock. Both gels also contained 1.2wt% 
of 10wt% APS and 0.2wt% of TEMED. The ratio of acrylamide stock and bis stock determines 
the stiffness of the specific gel.61,62 
3.3.2 Uniaxial compression tests 
The Young’s modulus as determined by bulk, uniaxial compression tests was used as the 
standard for comparison to the modulus established through indentation. For bulk samples, the 
unpolymerized gels were cast into six-well cell culture plates resulting in samples 20mm in 
diameter and 25mm in height. Compression tests were conducted using a Bose 5100 
ElectroForce BioDynamic test system with Bose Wintest control software (TA Instruments, 




were tested to 5% strain at a displacement rate of 0.15mm/s, which corresponds to 0.5%/s. A 
1,000-g load cell was used. Young’s modulus was determined from the linear elastic regime of 
the stress–strain curve with a custom Matlab code (Matlab, 2014a version, Mathworks, Inc., 
Natick, Massachusetts). Three samples of each of the two gel formulations were tested in 
compression, and each individual sample was tested three times for a total of nine measurements 
for each gel formulation. The calculation of Young’s modulus and shear modulus used a 
Poisson’s ratio of 0.33. This value was measured in our previous work.61 
3.3.3 Indentation tests 
For indentation tests, the unpolymerized gel was cast into a 7-cm diameter glass petri 
dish with a frosted bottom (Figure 4).  
 
Figure 4.  Polyacrylamide gel sample preparation for indentation tests:  A. the unpolymerized gel 
was cast in a 7-cm diameter glass petri dish with a custom-frosted bottom; B. the bottom of a 5-cm 
diameter petri dish was glued onto the lid of the 7-cm glass petri dish and C. placed onto the 
surface of the unpolymerized gel; D. a flat surface for indentation tests was obtained during 






The custom-frosted glass secures the sample in the dish and thus prevents floating and 
other sample motion during indentation experiments. To generate a flat indentation surface on 
the gel, the bottom of a 5-cm diameter petri dish was glued onto the lid of a 7-cm petri dish 
(Figure 4B) and then placed on top of the unpolymerized gel (Figure 4C).  
After polymerization, the petri dish was attached to a stainless steel plate and placed on 
the magnetic platform of the instrumented indentation system (TI950 Triboindenter, Hysitron, 
Inc., Minneapolis, Minnesota). The force on the indenter probe from the interaction with the 
fluid was subtracted from the raw data by performing the recommended baseline “air indent” in 
the fluid with the indenter tip fully submerged. 
3.3.3.1 Determination of preloads and maximum indentation depths 
The selection of the preload influences the repeatability of the measurements and the 
signal-to-noise ratio of load-displacement data. An optimized preload ensures that the tip is fully 
in contact with the sample surface when the indentation test begins, and the preload exceeds any 
interaction force between the tip and fluid. The fluid layer also adds to the system drift and 
contributes to false engagement.  However, if the preload is too large, the tip may penetrate the 
sample such that the contact depth exceeds the radius of the tip. The Oliver-Pharr model and the 
method introduced in this paper assume that the tip-material contact radius is less than the radius 
of the tip.   
To optimize the preload, we compared data from indentation cycles for preloads of 2µN, 
4µN, 8µN, and 10µN and assessed the repeatability of the load-displacement data. The 




system. Thus, while this study provides some guidelines, this test parameter should be optimized 
for different indentation systems and experiments. 
An optimized maximum indentation depth is also essential to avoid false engagement and 
increase the signal-to-noise ratio in the data. Therefore, the maximum apparent indentation 
depths used to measure the two contact stiffnesses S1 and S2 needed for Equations 30 through 33 
should be optimized. For this work, we performed indents with a range of combinations of 
preloads and indentation depths.  However, this paper presents only the load-displacement data 
from maximum depths of 2µm, 3µm, and 4µm on a 19-kPa sample with a preload of 8µN in the 
demonstration of selecting the maximum apparent indentation depth.  
3.3.3.2 Determination of Young’s modulus with multi-indent test procedure  
After establishing the preload and maximum apparent indentation depths, two samples 
for each of the two gels with nominal stiffness 19kPa and 49kPa were tested with the MIA. For 
each gel, measurements were performed at five independent locations, or spots, at least 1cm 
apart. To obtain a single measurement for the modulus, a two-indent cycle was performed at the 
optimized preload to the two established maximum apparent indentation depths. The load/unload 
displacement rate was 0.2µm/s with a 40-second hold between the two-indent cycles. After the 
first two-indent cycle, the probe was manually retracted until it was visibly disengaged from the 
sample surface and then was moved to a new spot for the next two-indent cycle. Each of the two-
indent cycles produces one measure of the modulus according to Equations 30 through 33. We 
report the modulus as an average and standard deviation, which are obtained from averaging the 
measurements from the two-indent cycles from the five independent spots.   
The average modulus resulting from the MIA was compared to that obtained from the 




which does not take into account the initial indentation depth. Statistical significance was 
established for these three groups through a one-way analysis of variance (ANOVA) followed by 
a post-hoc Tukey test with p<0.05 considered significant (Matlab, 2014a version, Mathworks, 
Inc., Natick, Massachusetts).  
This study used homogenous polyacrylamide gels, and each spot therefore had the same 
modulus. For heterogeneous materials, such as tissues, the modulus will, by definition, change 
with the location on the sample. Therefore, a slightly different procedure should be used for 
heterogeneous materials. Instead of moving to a new spot to repeat the two-indent cycle, the two-
indent cycle is repeated at the same spot with two separate preloads in order to perform two 
measurements of the modulus. To validate this approach, we compared the results obtained at 
each of the two preloads at five spots on our homogeneous samples. We also compared the 
results obtained at two preloads to the results acquired from the measurements using a single 
preload at multiple spots as well as to the bulk compression test measurements. We used 4µN 
and 8µN for the two final preloads.   
3.3.3.3  Multi-indent test procedure for determining poroelastic material properties 
Poroelastic properties were determined from load-relaxation data from the hydrogel 
samples that were prepared for the indentation tests. Relaxation tests were performed in two 
continuous cycles to two maximum apparent indentation depths, 3µm and 4µm, at the same spot, 
and the procedure was repeated for a total of five independent spots. Previous studies have 
illustrated the effect of loading rate and indentation depth on the relaxation curve.1,30 The 
relaxation tests in the present study employed the same loading rate for all load-relaxation-
unload cycles in order to avoid any differences due to the rate. Samples were loaded at a 




sampling rate of 200Hz. Data were processed as described in Equations 33 through 38 to 
determine the instantaneous shear modulus G, Poisson’s ratio v, diffusivity D, and permeability 
k.  
The shear modulus was also calculated from bulk measurements, the Oliver-Pharr model, 
and the MIA. For the bulk value, the shear modulus was obtained using the Young’s modulus 
from the compression tests and the Poisson’s ratio from our previous work61 according to G =
O
7(5\S)
.  The shear modulus using the Oliver-Pharr model was determined from Equation 33 with 
an hF  that was not corrected to account for the initial indentation depth. Finally, the shear 
modulus was calculated with the hc determined by the MIA, which accounts for the initial 
indentation depth (Equations 34-35). The shear modulus was calculated at both 3µm and 4µm for 
the Oliver-Pharr model and the MIA. The modulus at these two indentation depths was 
compared via a t-test at p<0.05. The data were then combined, and the shear moduli from the 
three groups were compared in a one-way ANOVA followed by a Tukey test with p<0.05 
considered significant, as was done for the Young’s modulus.  
The Poisson’s ratio determined by the relaxation experiments was calculated with 
Equation 36 at the two indentation depths and for five spots. Subsequently, it was compared to 
the value obtained from the compression test using a t-test with a significance of p<0.05. 
Diffusivity was determined by fitting Equation 37 to the data and determining D from t =D/a2. 
Finally, permeability was calculated with Equation 38. The above procedure yields average 






3.4.1 Determination of preloads and maximum indentation depths 
Figure 5 presents the load-displacement data up to maximum apparent indentation depths 
of 3µm and 4µm on the 19-kPa gel for the 2µN, 4µN, and 8µN preloads. The 2-µN preload was 
too small; there was frequent false engagement (not represented) due to tip interaction with the 
fluid layer and low repeatability from spot to spot (Figure 5A). The repeatability of the 
indentation cycles improved for a 4µN preload (Fig. 5B) and was best for the 8µN preload 
(Figure 5C). Data from the 10-µN preload were less repeatable compared to those for the 4-µN 
and 8-µN preloads (not depicted).  
 
Figure 5. Load-displacement data illustrating preload selection: A. two-cycle load-displacement 
data for three spots at the 2-µN preload were inconsistent across spots, and false engagement 
occurred frequently (not depicted); B. Data for cycles at the 4µN preload were more consistent 
across spots, and false engagement rarely occurred; C. Data for the 8-µN preload were most 
consistent out of those tested. The preload was determined from a 19-kPa gel that was indented to 
maximum apparent depths of 3µm and 4µm.   
 
Figure 6 presents load-displacement data from indentation cycles at apparent depths of 
1µm, 2µm, 3µm, and 4µm. Data are particularly noisy for the 1-µm depth. Data are most 
consistent and repeatable and contain the fewest incidences of false engagement for the apparent 





Figure 6. Load-displacement data illustrating the selection of appropriate maximum apparent 
indentation depths: data are represented for 1µm, 2µm, 3µm, and 4µm for the 19-kPa gel and an 8-
µN preload; data for 3µm and 4µm were most consistent and repeatable and contained the fewest 
incidences of false engagement.  
 
In summary, for the calculation of Young’s modulus for a homogeneous material, the 
optimized preload was 8µN, and the two maximum apparent indentation depths were 3µm and 
4µm, respectively. The demonstration to simulate the testing of a heterogeneous material 
required two preloads and used a 4µN and 8µN preload with these same maximum apparent 
indentation depths.  
3.4.2 Use of the MIA to determine the Young’s modulus 
To demonstrate the validity of the MIA for determining Young’s modulus, we compared 
the bulk uniaxial compression test results to those obtained with the MIA as well as the Oliver-
Pharr model (Figure 7). It is important to note that there was no statistically significant difference 
between the bulk compression test results and those obtained by the MIA (p<0.05). In contrast, 
the results obtained by the Oliver-Pharr approach, which does not take the initial indentation 
depth into account, clearly overestimate the modulus, and the overestimation is greater for the 




formulations are 17.87±1.14kPa and 48.17±1.03kPa, respectively. Using the MIA, they are 
19.87±1.92kPa and 48.23±1.64kPa, respectively. With the Oliver-Pharr model, they are 
48.23±3.96kPa and 65.79±4.68kPa, respectively.  
 
Figure 7. Comparison of A. Young’s moduli obtained through the three described methods: a bulk, 
uniaxial compression test; the MIA; and the Oliver-Pharr model, which does not take the initial 
indentation depth into account. There is no significant difference between the results obtained 
from bulk compression tests and the MIA (p<0.05). The Oliver-Pharr model grossly overestimated 
the modulus. B. Shear modulus obtained using the three methods described: bulk, uniaxial 
compression test; the MIA; and the Oliver-Pharr model. There is no significant difference between 
the results obtained from bulk compression tests and the MIA (p<0.05). The Oliver-Pharr model 
grossly overestimated the modulus.     
 
To illustrate the use of the MIA to obtain the Young’s modulus for a simulated 
heterogeneous material, we also performed two-cycle indents at two preloads, 4µN and 8µN, on 
the 19-kPa gel. We compared results to those obtained by compression tests and one single 
preload. Table 1 indicates that results are consistent at both preloads. The average values 
obtained over the five spots are 19.33±2.26 and 18.82±2.13 for the 4µN versus 8µN preloads, 
respectively.  
There is no significant difference between results at the two preloads (p=0.024), which 
indicates that both preloads yield valid results. We note that the third spot out of the five has a 
larger difference between the two preloads. Had this been a new material with unknown 




increasing the number of repeat indents at that spot. Without this datum, the p-value decreases 
(p=0.0087). The average modulus across the two preloads is 19.08±1.98kPa. There is no 
significant difference between the modulus obtained with two preloads versus the bulk 
compression test results or the results from MIA in Figure 7.   
 
Table 1. Application of the MIA to a simulated heterogeneous material: indent cycles were conducted at the 
two preloads for each spot, and there was no significant difference between the modulus obtained at the two 
preloads (p<0.05) 
Young’s modulus (kPa) 
Indent location 4-µN preload (kPa) 8-µN preload (kPa) %error 
Spot 1 22.07 22.3 1.0 
Spot 2 17.92 18.23 1.7 
Spot 3 21.05 17.12 18.7 
Spot 4 16.51 17.2 4.2 
Spot 5 19.12 19.27 0.8 
mean±STD 19.33±2.26 18.82±2.13 
 
 
3.4.3 Use of the MIA to obtain poroelastic material properties 
The MIA was also used to determine poroelastic properties, such as instantaneous shear 
modulus, Poisson’s ratio, diffusivity, and permeability. To demonstrate the use of MIA for the 
shear modulus, we again compared bulk measurements to those obtained by the Oliver-Pharr 
model and MIA and using Equations 33 and 35, respectively.  Shear modulus was calculated as 
described.  For MIA and the Oliver-Pharr model, shear modulus was calculated at both 3µm and 




significant difference for either approach at the two depths (p<0.05), and the average over the 
two depths was therefore referenced for any remaining calculations or comparisons. For the MIA, 
the averages are 6.28±0.86kPa and 18.8±3.56kPa for the 19-kPa and 49-kPa gels, respectively. 
These averages are 7.47±0.67kPa and 18.13±1.24kPa, respectively, for the bulk measurements, 
and 29.22±2.18kPa and 65.78±15kPa, respectively, for the Oliver-Pharr model. Figure 8 
compares the shear modulus obtained from each approach. There is no significant difference 
between the MIA and the bulk tests. The Oliver-Pharr approach yields a shear modulus that is 
significantly greater than those acquired through bulk tests or the MIA.   
 
Figure 8. Comparison among tests results of 4-µN preload, 8-µN preload, compression tests, and 
MIA across spots.  
 
Poisson’s ratio was calculated using Equation 36 at 3µm and 4µm, and Table 2 reports 
the value for the two gels. The value for the 49kPa is highly similar to the experimentally 
obtained value of 0.35±0.21 versus 0.33 that was noted in previous work for both 19-kPa and 49-





Table 2. Poroelastic properties of 19-kPa and 49-kPa polyacrylamide gel formulations at 4-µm nominal 
indentation depth 
 
N Shear Modulus (kPa) Poisson's Ratio Diffusivity(10Rm2 /s) 
Permeability 
(10R5m2) 
49kPa 5 6.28±0.14 0.427±0.03 1.67±0.45 1.16±0.1 
19kPa 5 18.8±0.23 0.33±0.025 1.78±0.49 0.87±0.05 
 
We used relaxation curves from the 3-µm and 4-µm depth two-indent cycles to obtain 
diffusivity and permeability for the gels (Figure 9A and 9C). As previously described, diffusivity 
was determined by fitting relaxation curves to Equation 37. Figure 9B and 9D contain these data. 
The values for diffusivity of the 19-kPa and 49-kPa gels are 1.45±0.52 and 1.50±0.43 10R m2/s, 
respectively. Diffusivity was not significantly different for the two gels.  Whether the poroelastic 
or viscoelastic response dominates the material behavior could be determined by whether the 
normalized curves collapse onto one single curve, which is indeed the case (Figure 8B and 8D). 
This indicates that the poroelastic relaxation dominates. Finally, the permeability of each gel was 
determined with Equation 38 and was 1.16±0.13 10R5 m2 and 0.87±0.15 10R5 m2 for the 19-
kPa and 49-kPa gels, respectively.  
3.5 DISCUSSION  
 
This study presents and validates the MIA as a novel approach to indirect surface 
detection for instrumented indentation of soft materials. More precisely, the MIA determines the 
pre-load induced deformation, or the initial indentation depth below the undeformed sample 
surface. The MIA uses multiple indents at predetermined and optimized preloads and apparent 




49kPa were tested using indentation, and elastic properties were compared to those measured by 
bulk, uniaxial compression tests. Results reflect no difference between results from the MIA 
versus from bulk compression tests, while results from the Oliver-Pharr model were inflated. 
Poroelastic properties were also measured. Results notably evidence that the error between the 
traditional Oliver-Pharr approach and the MIA increased as gel stiffness decreased.  
In order to successfully apply the MIA, two parameters require careful selection, namely 
the preload and the maximum apparent indentation depth. In general, a preload that is too small 
can cause false engagement, which invalidates the test. Meanwhile, a preload that is too large for 
any indentation system may introduce an indentation depth that exceeds the maximum radius of 
the indenter tip. We compared preloads at 2µN, 4µN, and 8µN (Figure 5) and found that the 
load-displacement data were more repeatable as the preload increased. Thus, we established that 
both 4µN and 8µN could serve as preloads.   
It is important to highlight that other papers on the indentation of soft materials have not 
reported preload20,53 despite its significance to the final result. Knowing the preload is 
particularly crucial for systems in which the retraction distance is less than the preload-induced 
initial indentation depth. The present research uses a commonly employed system with a 
retraction distance of 150nm. We note that retraction distance is another testing parameter that 
has not typically been reported. A larger preload corresponds to a greater initial indentation 
depth and the less accuracy in the calculation of properties due to the mismatch between 
apparent and actual maximum indentation depths.   
The choice of the maximum apparent indentation depth is similarly important for the 
final results. An overly small depth also causes false engagement and can result in less repeatable 




19-kPa gel at an 8-µN preload. Data for 3µm and 4µm were most consistent and had the fewest 
incidences of false engagement. Thus, these measurements were designated as the maximum 
apparent indentation depths.   
Maximum apparent indentation depths in previous studies have been tens of 
micrometers.25,24,63 While these studies have utilized the same probe geometry and a similar tip 
size as the present study, they have also used a custom indentation system with different 
constraints. It is important to note that the maximum travel distance during indentation for the 
system in the present research is only 5µm.  This depth is not usually considered a sufficient 
depth for testing soft materials with an indenter radius of 100µm. However, we successfully 
indented soft gels and obtained accurate material properties using both a low preload and a small 
maximum indentation depth. Thus, the MIA can enable the use of some commercial indenters for 
soft materials whose vertical travel distance is on the order of the maximum indentation depth.  
Figure 6 reveals that the MIA results are clearly accurate relative to the standard, while 
the Oliver-Pharr approach resulted in 150% and 34% overestimations of the Young’s modulus 
for the 19-kPa and the 49-kPa gels, respectively. In view of this, the MIA offers an accurate 
alternative that is based on the Oliver-Pharr model. Other researchers have studied 
polyacrylamide gels with indentation. For example, Buffinton et al. have measured the Young’s 
modulus of polyacrylamide gels with moduli ranging from 11kPa to 44kPa using a large, 1-mm 
diameter conical-spherical tip. Their results agreed with results obtained by bulk compression 
tests for this large probe.56  
 This study also successfully applied the MIA to determine poroelastic properties of the 
gels through relaxation tests. In general, the relaxation curve contains information on both 




relaxation curves for various indentation depths should collapse when A(j)RA{
ABCDRA{
 and D/a2 
normalize load and time, respectively. In our analysis, if the MIA was not applied, the two 
normalized relaxation curves did not collapse (Figure 9C and 9G).  
 
Figure 9. (A-D) Relaxation curves at maximum apparent indentation depths of 3µm and 4µm 
according to Equation 13 for the 19-kPa gel; (E-H) the 49-kPa gel; (A, D) raw load-time data 
reflect indentation at two maximum apparent depths; (B, E) normalized load-time data do not 
overlap; (C, F) normalized load versus normalized time (t/a2) data collapse to one curve, which 






Conversely, if it was applied, the two curves did indeed collapse. After such collapse was 
demonstrated, we employed Equations 12 and 15 through 17 to determine shear modulus, 
diffusivity, and permeability. 
The results we obtained for poroelastic properties for our 19-kPa gel are consistent with 
previous results, although there is not a standard with which to compare diffusivity and 
permeability. The diffusivity of a 20-kPa gel is 1.6±0.15 x 10-10 m2/s at a 4-µm indentation 
depth,4 while we obtained 1.78±0.49 10-10 m2/s for the 19-kPa gel, which was made according to 
a similar recipe. In previous work, the permeability was 4.2±0.51 x 10-18 m2.4 By comparison, we 
obtained 4.87±0.05x10-18 m2. The Poisson’s ratio ranged from 0.37±0.005 to 0.41±0.01 in other 
work.4,19 With the MIA, we calculated a Poisson’s ratio of 0.326±0.025 for the same gel stiffness, 
and our measurement of 0.33 from bulk tests in our previous work agrees well.61  
The proposed MIA has several limitations. For example, the MIA is based on the Oliver 
Pharr model, which does not consider adhesion and friction between the indenter tip and sample 
surface. However, models that do account for adhesion and friction also rely on knowledge of 
the contact area as a function of depth. Therefore, application of the MIA can also be extended to 
more complex models of indentation, such as the Johnson-Kendall-Roberts (JKR)64 and the 
Deriaguin-Muller-Toporov (DMT)65 models. Obtaining accurate results for samples at 10kPa 
poses additional challenges. Testing gels of such softness is significantly more challenging and 
requires more attention in order to yield results that are as accurate as those presented here. Thus, 
caution is necessary when broadly applying the MIA to materials in this range, as researchers 
should be aware that results may be less accurate. Nevertheless, the use of the MIA results in 
substantially more accurate results than current commercial indenters can provide. Finally, the 




behavior. We simulated heterogeneous samples and illustrated that the approach is successful 
with samples of known properties. The next step is in our research with the MIA is to apply the 
approach to more complex, heterogeneous materials. 
3.6 CONCLUSIONS 
 
The MIA was introduced as an indirect way to detect the sample surface during 
instrumented indentation of soft materials. The MIA employs data from two apparent indentation 
depths to determine the depth of the preload-induced indentation; thereby, it indirectly 
establishes the location of the sample surface. The approach was validated by comparing the 
results from indentation to results of uniaxial compression tests for 19-kPa and 49-kPa 
polyacrylamide gels. Results reflect that the MIA yielded significantly more accurate 
measurements of Young’s modulus and instantaneous shear modulus than the standard Oliver-
Pharr model can offer, as the latter yielded values inflated by as much as 150% compared to bulk 
compression tests. The error between results obtained with and without the MIA increased as the 
stiffness of the gel decreased. Poroelastic properties such as permeability and diffusivity can also 
be determined more accurately and with small probes and indentation depths. In general, when a 
large probe is utilized, the relaxation times can be hours versus seconds.4,53 Results from this 
study evidence that accurate material properties can be measured with instrumented indentation 
that uses small preloads and small maximum apparent indentation depths, even when applying 
probes with a radius as small as 100µm, which requires much shorter relaxation times. The novel 
approach can alleviate the long-standing challenge of surface detection and enable a more 
accurate measurement of soft material properties. This advance has the potential to significantly 
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CHAPTER 4: AN INDENTATION METHOD TO DETERMINE NON-CIRCULAR 
CONTACT AND ELASTIC MODULI OF TRANSVERSELY ISOTROPIC 
COLLAGENOUS TISSUE  
4.1  INTRODUCTION 
 
Indentation has become increasingly common for characterizing the localized mechanical 
properties1–3 of soft materials, including biological tissues. Many of these tissues, including 
cartilage, tendons, brain, vocal folds, and cervix, are highly anisotropic.1,4–6 Such anisotropy is 
evident from the distribution of collagen fibers7,8 in terms of whether the fibers have preferred 
alignment directions.9,10 
Many indentation studies have used a spherical tip for soft tissue, as this type of tip is less 
likely to penetrate the sample surface compared to a Berkvich tip, which is a three-sided pyramid 
shape, or a flat punch. Furthermore, a spherical tip can provide a relatively large contact area that 
enables the use of indentation for especially soft materials, usually below 1MPa in indentation 
modulus.6,11,12 Contact theory for isotropic materials assumes that the projected contact area 
under the spherical tip is circular.3,13,14 Vlassak and Nix have highlighted that isotropic contact 
theory is also valid for anisotropic materials as long as the half-plane has three- or four-fold 
rotational symmetry,15 like tetrahedral crystals. This assumption by Vlassak and Nix solves the 
contact problem when fibers distribute without a heavily preferred orientation. However, in 
many cases, collagen fibers in tissue do have a strong preferred orientation, and the isotropic 
contact assumption is not valid.13,15 In previous indentation studies on soft tissue that have 
utilized a spherical tip, researchers have assumed that the material under the tip is 
isotropic,1,5,16,17 and they have made such assumption without examining the local anisotropy.  
Studies on contact of anisotropic materials commenced in the 1950s.13 In 1954, Green 




materials;18 since then, most theories that have been developed or modified have follow from this 
finding.19 In 1966, Turner developed a particularly convenient form of the solution that can solve 
the contact problem if the tensile properties in longitudinal and transverse directions13,20 are 
known. The same year, Willis proposed a procedure for determining the strain distribution in the 
contact region for orthotropic materials. This procedure involves a numerical contour 
integration14 and recognizes contact edges from zero-strain boundaries. In 2003, Shi et al. 
presented a numerical approach for solving the contact problem for orthotropic materials. Their 
method enables the estimation of the contact stress.21 The estimation of the location of the zero-
contact stress and strain clarifies the contact edges in the contact plane and thus helps evaluate 
the contact area. An accurate estimate of the contact area is essential to determine the indentation 
modulus.13,15  
Some theories assume circular contact for anisotropic materials with modified solutions 
for the isotropic materials. This study refers to these theories as circular contact approximation. 
Yang, Tan, and Sun have reported that the contact pressure and area could be obtained from the 
formulae for isotropic materials, but they used the orthotropic modulus in the loading direction 
instead of the isotropic indentation modulus.22,23 Vlassak and Nix have further stated that the 
isotropic approximation is only valid under low anisotropy, i.e. if the ratio of the longitudinal and 
transverse modulus is close to one.15 Swanson has compared the contact area calculated from the 
exact solution to the circular approximation and also stated that the circular approximation is 
only valid under low anisotropy on transversely isotropic materials.13,24 
In elastic contact, the calculation of indentation modulus depends on the evaluation of the 
contact area.3,25,26 As previously developed theories demonstrate,22,23 the circular contact 




transversely isotropic material and, therefore, to calculate the reduced indentation modulus. In 
order to employ this theory, the tensile modulus along and perpendicular to the material 
symmetry axis requires assessment through uniaxial tensile tests. However, many collagenous 
tissues are both heterogeneous and anisotropic, and measuring the local tensile moduli in these 
cases is highly difficult, if not impossible. Therefore, it is a challenge to locally estimate the 
contact zone for such complex tissues.  
The goal of this study is to develop a simple experimental method to determine the 
indentation modulus of a locally transversely isotropic collagenous material. To validate our 
approach, we utilized porcine digital flexor tendon, which is a relatively homogeneous 
transversely isotropic material. However, we also describe how the method can be extended to 
heterogeneous locally transversely isotropic materials. This paper first explores the relationship 
between fiber orientation and the AR of contact as well as the relationship between AR and 
anisotropy level. Next, it examines the relationship between anisotropy level and ratio of contact 
area (RCA) between the exact solution and isotropic approximation. Lastly, it proposes an 
experimental method to evaluate the exact value of the indentation modulus of locally 
transversely isotropic material, which could be conveniently obtained from the circular 
approximation.  
4.2  THEORY  
 
4.2.1 Hertzian contact between a sphere and a half-plane 
The contact solution for two deformable and frictionless homogeneous elastic bodies is 




work) indents on an elastic half-space, it has a contact area of radius a. The contact radius relates 
to the R, and the indentation depth d (Equation 39).1,13  
a = Rd		(39) 
The force applied to the sample follows Equation 40, where k is a coefficient that relates 
to R and the indentation modulus E*, which is a modulus related to both the indenter properties 
E*  and v*  and sample properties 	E,	and	v,  that is expressed in Equations 41 and 42. If the 
indenter is much stiffer than the sample, E* can be expressed by Equation 43. The exponent q is 
a shape factor that depends on the shape of the two contact entities. For the elastic contact 
between a sphere and a half-plane, q = 1.5, and Equation 6 reflects the total contact force.28 This 
study employs this form.3,29 























From Equations 39 through 41, we obtain an expression for the contact radius as a 
function of the total force, indenter radius, and indentation modulus. Equation 45 presents the 









4.2.2 Transversely isotropic contact theories 
4.2.2.1 Circular approximation 
Turner presented a general and convenient solution to find the contact radius for 
transversely isotropic contact problems through formulae that resemble those for isotropic 
contact problems.13,20 Equation 46 gives the modulus in Turner’s solution, which is the 
equivalent transversely isotropic modulus Eequ instead of the isotropic indentation modulus E∗ 13 







Eequ is related to the five material parameters that characterize a transversely isotropic material. 
E5 and v5 are respectively the elastic modulus and Poisson’s ratio in the first principal direction x 
in the contact plane, and E7 and v7 are respectively the elastic modulus and Poisson’s ratio in the 
second principal direction y; in this study, v5 = v7 = v, while G is the shear modulus of the 
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4.2.2.2 Numerical analysis for elliptical contact solution  
The exact solution for the contact zone requires that the stress or strain distribution under 
the contact is known. Then, the contact edges are defined at the points where the stresses or 




zone is assumed to be an ellipse, and the evaluation of the strain distribution is given by the 
pressure distribution under contact, as depicted in Equation 49, where x and y are respectively 
the first and second principal directions on the contact surface.13,14 Additionally, p is the contact 
pressure, and b and a are the major and minor semi-axes of the elliptical contact, respectively. 






Strain in the loading direction ε;;  relates to the surface displacement in the loading 
direction u; and pressure distribution. Equation 50 calculates the strain.13,14 
u(x, y) = ε(x, y)	(50) 
Since we could not explicitly find u;(x, y), we used finite element analysis tools to help 
solve the strain distribution on the sample surface. After finding the solution for u (x,y), the 
contour of strain distribution can be found. The zero-strain point on the x-axis is denoted as xhc, 
and the zero-strain point on y-axis is yhc. Based on the assumption of elliptical contact, Equation 
51 provides the two semi-axes of the contact zone a and b.13,14 
a = xhc, b = yhc	(51) 
  





The RCA is defined as the area calculated with the finite element analysis solution AWIHFj 








This study employs RCA as a correction coefficient, which enables a more accurate estimation 
of the contact area from the area calculated by circular approximation.  
4.3  EXPERIMENTS AND SIMULATIONS 
 
4.3.1 Preparation of isotropic substrates 
Polyacrylamide hydrogels with a modulus of 48.23 ± 1.64 kPa were the isotropic 
substrates.  Substrates were prepared according to instructions in a previous study.30 In brief, 
they comprised 43.6wt% DI water, 30% acrylamide stock, 15% bis stock, 1.2wt% of 10wt% 
APS, and 0.2wt% of TEMED. Ten milliliters of the hydrogel solution were mixed in a capped 
centrifuge tube and subsequently poured into a 3-cm diameter petri dish. The hydrogel solution 
polymerized over 5 to 10 minutes prior to testing.  
 
4.3.2 Preparation of transversely isotropic substrates 
Porcine digital flexor tendons provided the transversely isotropic substrates. Tendons 
were dissected from frozen pig feet that were obtained from a local grocer the day before the 
experiments. Prior to the dissection, the feet were thawed at 4°C for 8 hours. All samples were 
prepared from the segment of the porcine digital flexor tendon as illustrated in Figure 10A.31  
 
Figure 10. (A) a porcine foot and the location of the porcine digital flexor tendon; (B) the cutting 
angle of the tendon tissue; (C) a frozen tissue embedded in the OCT compound and a 3.5-mm 





The flexor tendon with a circular cross-section was first transversely cut into roughly 4-
mm sections or at 30°, 45°, or 60° angles with respect to the length of the tendon. The angles 
were measured with a standard protractor. Figure 10B defines the cutting directions relative to 
the long axis of the tendon, the fiber orientation, and the cutting angle α. Cryostat sectioning was 
applied (Leica CM3050 S Research Cryostat, Leica Bio-systems, Nussloch, Germany) to prepare 
the flat surfaces. Samples were embedded in OCT compound (Tissue-Tek, Sakura Finetek USA, 
Inc., Torrance, California) and frozen at -20C prior to sectioning, as Figure 10C indicates. The 
remaining OCT compound was washed away with distilled water. Samples for tensile tests were 
further prepared in cylinders by 3.5-mm diameter biopsy punch, as Figure 10D demonstrates. 
The cylindrical shape of the sample minimizes the inaccuracy that results from a non-uniform 
cross-sectional area and eliminates the constraints from the sheath layer of the tendon tissue. The 
samples were stored in PBS until testing.  
4.3.3 Validation of the linear elastic assumption at low strain 
Previous studies have usually assumed tendon to be a transversely isotropic, linear elastic 
material, as the collagen fibers are densely packed and strongly aligned in the tissue. Turner’s 
solution can relate the tensile modulus to the indentation modulus for a variety of fiber 
orientations. In order to validate this assumption, we used a two-spring elastic model. We 
assumed that the matrix is an isotropic, linear elastic material, and the collagen fibers act as 
unidirectional, linear elastic springs that only take the load in tension. Under this assumption, the 
whole system was represented as a two-spring system. Figure 11 illustrates a schematic of the 






Equation 54 expresses the equivalent tensile modulus Etensile as obtained by tensile tests. 
As Figure 11 indicates, the matrix modulus Em is measured as Etensile at θ=90, and the fiber 
modulus Ef is calculated from Equation 15, with Etensile measured at θ=0. With the knowledge of 
Em and Ef, the equivalent tensile modulus Etensile is calculated for fiber orientations between 0° 
and 90°. 
Figure 11 also illustrates the two moduli, E1 and E2, along two principal directions in the 
indentation plane. The indentation angle, ϕ, is defined as the angle between fiber orientation and 
indentation loading orientation. Directions of E1 and E2 are defined in the top views in Figure 11, 
E1 equals to Etensile, and E2 equals to Ematrix, thus, E1/E2 at each Φ (Φ = 90- θ) can be calculated. 
With knowledge of the relationship between AR and E1/E2 from an FEA simulation, and E1/E2 
and Φ, we can obtain the relationship between AR and Φ.  
EjWn,*kW = EX ∗ Cos θ + EG			(54) 
 
 
Figure 11. Schematic definition of fiber angles θ for the uniaxial tensile test and Φ for the 
indentation test as well as the equivalent tensile modulus Etensile, the modulus in two principal 
directions E1 and E2, and the equivalent indentation modulus Eequ; this figure also defines the 





The uniaxial tensile tests are performed using a Bose Electroforce 5110 system. Tendon 
samples are loaded at θ= 0°, 30°, 45°, 60°, and 90°. Samples were cut into a 3.5-mm diameter 
cylinder with the biopsy punch as Section 3.1 has described. The two end faces of the cylindrical 
samples were glued to the top and bottom of the loading platforms with superglue in order to fix 
both ends of the sample. At the end of each test, the glued boundaries were examined for 
detachment. Due to deformation of small strains, no detachment occurred at the sample ends and 
the loading platforms. All samples in the uniaxial tensile tests were loaded to 5% strain at a strain 
rate of 1%/s using a displacement-controlled waveform. Three samples were tested (N=3) in 
each fiber orientation θ.  
4.3.4 Imaging the contact zone 
Three sizes of millimeter-scale stainless steel balls were utilized as spherical indenter tips 
to study the contact area and shape for isotropic and transversely isotropic materials in load and 
displacement-controlled experiments. The weights of the balls were measured with Veritas 
Analytical Balance (Hogentogler & Co., Columbia, Maryland) and were 4mg, 32mg, and 256mg 
for the 1-mm, 2-mm, and 4-mm diameter balls, respectively. To measure the contact area and 
AR, the stainless steel balls were submerged in a solution containing 10wt% fluorescent beads 
(Fluoro-Max™ 1.0um Green Fluorescent Polymer Microspheres) for 30 seconds and then 
removed and air-dried for at least one minute.  The coated steel balls were then used as stamps to 
mark the contact area by bringing them into contact with the material surface and allowing the 
fluorescent beads to transfer to the surface. The fluorescent beads that were transferred to the 
substrate surface were then imaged with a confocal microscope (Nikon Inverted Microscope 
Eclipse Ti-E).  This method is similar to transfer printing. To prevent movement of the 




the excess water on the sample surface was first removed with a piece of tissue paper before 
stamping. The ball was gently placed on the surface of the sample and left for at least 30 seconds. 
Subsequently, it was removed and the surface was imaged.  
The stamping process left markers consisting of the fluorescent beads on the sample 
surface. These markers were analyzed with Image J, and the shapes of the contact were 
processed and analyzed as oval fitting. With the oval selection tool, eight dots on the edge of the 
marker were chosen. These dots were selected as the furthest visible fluorescent bead. 
The method was first applied to a 49-kPa isotropic polyacrylamide gel30 for method 
validation. Experimental, theoretical, and finite element analysis results were compared in order 
to validate the method of marking contact. The modulus and standard deviation of the gel as 
determined by our previous study30 were 48.23 ±1.64kPa. The standard deviation for the weight 
of the ball can be ±0.5%. The upper bound for the contact radius was calculated from the highest 
possible ball weight and lowest possible modulus. Likewise, the lower bound of contact radius 
was calculated with the lowest possible ball weight and highest possible modulus. Theoretical 
contact radii were calculated with Equation 6 and the elastic modulus of the hydrogel.  
Stamping the markers on the transversely isotropic substrates, i.e. the tendon, occurred in 
both load and displacement control. The load control experiments were performed with manual 
placement of a steel ball. This approach offered a quick and simple way to estimate the contact 
and did not require additional special equipment, such as displacement or force-sensing systems. 
However, the manual placement of the steel ball on the sample sometimes resulted in rolling or 
slipping of the ball on the sample surface, which can lead to inaccurate measures of AR, contact 




samples in order to check the accuracy of the contact AR and area of contact as well as to 
provide information on the variation in contact with indentation depth. 
For the displacement-controlled experiments, a 2-mm stainless steel ball that was cleaned 
in ethanol was attached with superglue to a vertical, 1-mm diameter stainless steel rod. The steel 
rod was clamped to a custom piezo-actuated stage, which can be controlled in x, y, and z. After 
coating the steel ball with the fluorescent beads as described above, the ball was moved in a 
toward the sample surface until a steep increase in load was detected, as this indicated successful 
contact between the ball and the sample surface. The contact area and shape were measured at 
indentation depths of 200µm and 500µm. 
 
4.3.5 Finite element analysis of contact problems 
The exact solution of the transversely isotropic contact problem was solved using finite 
element analysis with ABAQUS (version 6.14). The transversely isotropic material parameters 
were input are follows: 	EI = E5 , E = E = E7, vI = v = vI = v	, GI = G = GI = G =
O[
7 5RS
. E1 and E2 were obtained from uniaxial tensile tests and Poisson’s ratio was assumed to be 
0.4, which previous studies have reported.5,32,33 The bottom of the sample was constrained in 
both displacement and rotation in all directions. Sample edges and the top of the sample were 
unconstrained. The contact between the tip and the material surface was set as “hard contact,” 
which guaranteed that the tip did not cut through the sample during the simulation. The indenter 
moved toward the sample surface on the z-axis without rotation. Normal strain in the z-axis was 
plotted along the x- and y-axes, and the semi-axes of contact a and b and the AR of contact were 





4.3.6  Analysis Methods 
4.3.6.1 Contact analysis for isotropic substrates 
The contact analysis of the isotropic substrates validated the experimental method for 
marking the contact area and the AR of the contact between the steel ball and the substrates. A 
comparison of the measured contact area and the AR to analytical and numerical results 
corroborated the experimental findings.   
 
Figure 12. (A, B) Contact marker left by the 1-mm and 2-mm diameter steel balls, respectively; (C) 
simulation result for 1-mm and 2-mm ball for the isotropic substrate; the plot represents the 
surface normal strain near the contact zone versus the distance from the contact center; (D) mean 
values as well as the error range of contact radii from the experiment, the finite element analysis 
solution, and the analytical solution of the contact problem for the 1-mm and 2-mm diameter ball. 
 
The steel balls with diameters of 1mm and 2mm were used to mark the contact for 
isotropic substrates. Figure 12A and 12B illustrate representative contact markers on isotropic 




which was obtained from the finite element analysis as a function of radial distance from the 
center of the ball. The contact radii were recognized from the radius at which the strain changes 
from compression to tension, i.e. at zero normal strain. Figure 12D summarizes the results for 
contact radius from the experiments, the analytical solutions, and the finite element analysis 
model. The experimental results are expressed as the average ± standard deviation. 
4.3.6.2 Contact analysis for transversely isotropic substrates 
Some previous studies with indentation1,2,34 have assumed soft tissues to be linear elastic 
and directly fit the indentation moduli from load-unload curves without validating the 
assumption. The present study adapted the theoretical solution for the contact problem for 
transversely isotropic substrates from that for isotropic linear elastic substrates. We used the two-
spring tensile model in combination with the tensile experiments to validate the linear-elastic 
assumption. 
4.4 RESULTS AND DISCUSSION 
 
4.4.1 Results for isotropic substrates 
Contact radii from the images in Figure 12A and 12B are 0.174±0.012mm and 
0.397±0.021mm, respectively, for the 1-mm and 2-mm balls. The AR of the contact for the 
isotropic substrate is equal to one, as expected. The contact radii as calculated by Equation 6 are 
0.157±0.01mm and 0.376±0.023mm for the 1-mm and 2-mm balls, respectively. The finite 
element analysis solution yielded 0.163±0.013mm and 0.38±0.02mm for contact radii. The error 
bars for the two other solutions were obtained by incorporating the average and standard 




the steel balls, ±0.5%, as described previously. Error between experimental and analytical is 2.4% 
for 1-mm ball contact and 1.9% for the 2-mm ball. The average contact radii from the 
experiments are slightly higher than the radii from the numerical solutions. While a statistical 
analysis is not appropriate in this case to compare the contact radii that were obtained from the 
three methods, the two sets of radii as calculated analytically or determined by finite element 
analysis fall within the standard deviation of the experiments.   
Since the stain marker was used for contact zone measurement, the image quality is 
important. Images in Figure 12A and 12B illustrate that we were able to obtain a clear boundary 
through the stamping approach. Two critical factors affect the quality of the image: first, the 
amount of fluid between the ball and the surface of the substrate, and second, the concentration 
of fluorescent beads. In our experience, the control of the amount of fluid left between the ball 
and the substrate affects the amount of marker overflow. Specifically, more fluid left between the 
two entities renders it more likely that the beads will overflow and thus exaggerate the contact 
marker. Therefore, the balls were dried in air for about one minute, as the methods have noted, 
and the surface of the substrate was dried in air for two to three minutes prior to stamping. The 
concentration of the fluorescent beads affects how much we can focus on the contact boundary. 
If the concentration is too high, the light reflection from marker will be too bright and 
overestimate contact boundary. Conversely, if the concentration too low, the marker will not be 
clear or sufficiently continuous for imaging. This study tried multiple concentrations and found 
that a concentration of 10% was most suitable.  
We compared the contact radii between experimental measurements, analytical 
calculations, and finite element analysis solutions in order to validate if our experimental contact 




elastic contact theory, and it is valid since we our previous study30 has proven that the hydrogel 
in the present study is linear elastic up to at least 4.8% strain, which is the maximum strain that 
we observed in Figure 12C. The contact theory explains that the contact problem is a 
compression-tension mixed problem. In Figure 12D, the error caused by the experiment results 
in around 0.9% error in the modulus calculation in comparison with theoretical and finite 
element analysis results. This small error indicates that measuring the marker left by the contact 
between the ball and the substrate is an effective way to characterize the contact.  
4.4.2 Results for transversely isotropic substrates 
The tensile modulus at θ = 90 is 70kPa; according to Equation 16, this value should be 
the matrix modulus Em, which is 70kPa. The tensile modulus at θ = 0 is 66MPa, and with 
Equation 16 and a known Em, the fiber modulus Ef was calculated as 67MPa. Figure 4B plots the 
equivalent tensile modulus Etensile, which was calculated between θ = 0° and 90° from Equation 
15 with known Em and Ef. Figure 4B also plots Etensile from uniaxial tensile results at 30°, 45°, 
and 60° fiber orientations. The root mean square (RMS = 5
n
(yWIl i − yWIl i )n5 ) as calculated 
between experimental and theoretical results at three fiber orientations is 0.48.  
From the results in Figure 13B, our measurements agree well with the theoretical curve 
(RMS=0.48), so the linear-elastic assumption at low strain (5%) is valid for the transversely 
isotropic material of porcine digital flexor tendon.  
Figure 14 summarizes the contact mark imaging results from load- and displacement-
controlled experiments. The results together with the statistical analyses reflect that AR depends 





Figure 13. The tensile modulus for the uniaxial tensile tests for the tendon at different θ, depicted 
as an average +/- standard deviation (symbols); the equivalent tensile modulus Etensile (Equation 15) 
is plotted for various fiber orientations according to the two-spring model and with 70kPa and 
67MPa as the matrix and fiber modulus, respectively 
 
 
Figure 14. (A, B) Representative images of the contact marker from the load- and displacement-
controlled experiments, respectively; (C) box plots of AR for the three steel ball sizes at 
indentation angles Φ = 0°, 45°, and 90° (N=3); (D) box plots of AR for the 2-mm steel ball at 
indentation depths of 200 and 500 microns at Φ = 0°, 45°, and 90° (N=5).  




ANOVA test was performed on the AR of contact between the results at the same fiber direction 
but with different ball sizes. No significant difference emerged within any fiber orientation 
(P>0.05). For displacement control (Figure 14B and 14D), a student t-test was performed 
between results at the same fiber orientation but different indentation depths, and no significant 
difference was visible within any fiber orientation (P>0.05). A one-way ANOVA with a post-hoc 
Tukey test was further applied for the three fiber orientations in both load and displacement 
control. The results evidence significant differences in AR between the three orientations 
(P<0.05). The post-hoc Tukey analysis reflects significant differences between the two in each 
group. Student t-tests were also run at the same fiber orientation but between the load control and 
displacement control, and they revealed no significant difference in AR (P<0.05).    
 
Figure 15. (A) Relationship between AR and the ratio of the E1/E2 as calculated by the finite 
element analysis solution; Figure 2 defines E1 and E2, which are the moduli in the two principal 
directions in the contact plane; (B) Comparison of the experimental results of AR as measured at 
Φ = 0°, 45°, and 90° with those calculated from the finite element analysis solution at various Φ 
(defined in Figure 2) 
 
Figure 11 defines E1 and E2, and Figure 15A provides the relationship between the AR 
of contact versus E1/E2. The AR versus Φ was calculated and is plotted in Figure 15B. The 




comparison. The AR at Φ = 0°, 45°, and 90° are respectively 1.02±0.06, 1.09±0.04, and 
1.14±0.07. The RMS between the finite element analysis solution and experimental result is 0.22. 
Results illustrate that the AR is independent of both indentation load and depth; however, 
it is not independent of fiber orientation. The statistical analysis also evidences that the 
measurements of AR from load control and displacement control are not significantly different 
despite the results from displacement control leading to a smaller standard deviation. This 
suggests that the simple load control method can be employed as it was in this study to obtain the 
contact mark, provided no controlled stage is available.  
Figure 14 also reflects that a larger angle between the fiber orientation and loading 
direction of indentation corresponds to a larger AR. 
Several previous studies have illustrated this finding,13,24 and this study further validates 
it with Figure 15B (RMS=0.22). The AR that was measured with the method in this study is 
valid. As previously discussed, it is almost impossible to measure the tensile modulus in the two 
principal directions of the indentation plane (E1 and E2) for heterogeneous materials. However, 
Figure 15A can enable researchers to estimate the ratio of the two local tensile moduli in the 
indentation plane by simply making an indentation marker at the location of interest and 
measuring AR, as the axes of the ellipse are expected to align in the principle directions.  
Figure 16 compares the contact areas from the experiments to the analytical values and 
the finite element analysis solutions. Figure 17 gives the relationship between RCA and E1/E2, 
as obtained from the finite element analysis solution.  




results from load- and displacement-controlled experiments, respectively. As Chapter 2 has 
noted, the contact area can be calculated with various assumptions. Poisson’s ratios vx, and vz are 
assumed to be 0.4. Shear modulus Figure 16 plots the areas calculated from the Turner’s solution, 
Acircle, in dashed lines. In the same figure, solid lines represent the contact areas Aexact that 
 
Figure 16. Comparison of measured contact areas with the theoretical values from the circular 
approximation and finite element analysis solutions. 
 
 
Figure 17. The RCA increases alongside increasing anisotropy in the contact plane 
 




between experimental measurements and Turner’s solution and between experiments and finite 
element analysis solutions. A larger Φ corresponds to a larger the error is between the 
experiments and Turner’s solution. The RCA between the Turner’s solution and the finite 
element analysis solution are plotted at E1/E2 = 0, 20, 40, 60, 80, and 100. Figure 17 gives the 
RCA versus E1/E2.  
The results in Figure 16 reveal that the error between the experimental contact radius Aexp 
and Acircle increases when the fiber orientation angle increases. According to Figure 13, we 
conclude that a larger angle of the fiber orientation coincides with a larger E1/E2. Previous 
studies have also demonstrated and validated that circular approximation is suitable only for low 
anisotropy.13,15 Many previous experimental studies on indentation of transversely isotropic or 
locally transversely isotropic materials1,4,5 have not examined the non-circular contact area and 
may thus have introduced large errors into the indentation modulus of interest.  
Figure 17 indicates the degree of difference between the circular approximation and the 
elliptical solution. Since E1/E2 is not a value that can be directly measured through experiments, 
we combined Figure 17 with Figure 15A to clarify the relationship between RCA and AR in 
Figure 18, which enables a quick estimation of the extent of inaccuracy in the contact area when 
using circular approximation to calculate indentation modulus.   
Figure 15A and Figure 17 established the relationship between RCA and AR, which was 
plotted in Figure 18, where AR can be directly measured from the contact marker. We indented 
to different depths with the previously described E1/E2 values, and no difference in RCA was 
found, which reflects that RCA does not relate to the indentation load or depth. Based on 




𝐸 = 𝐸 ∗ 𝑅𝐶𝐴
R=U       (55) 
4.4.3 Discussion on estimating the contact on a heterogeneous, locally transversely isotropic 
material 
As the introduction has stated, the main purpose of this study is to develop a method that 
equips researchers to quickly estimate the local indentation modulus of a locally transversely 
isotropic and heterogeneous material. Such a method could yield a more accurate measure of 
indentation modulus without the need for a complicated analytical solution or tensile tests on the 
region. Such tests are not being possible for many tissues with small samples that cannot be 
prepared for mechanical testing. This section we propose steps for applying the method to 
heterogeneous, locally transversely isotropic materials.  
The first step is to characterize the local fiber distribution in the region of interest. 
Because the method assumes local transversely isotropic symmetry, the regions in which the 
local fibers are aligned will offer the most accurate results. Techniques like second-harmonic 
generation (SHG)35 or optical coherence tomography (OCT)36 can be effective to study the fiber 
distributions.  
The second step is to choose an appropriate size for the spherical indenter or a ball of known size 
for stamping, i.e. imaging the contact area and AR. The indenter should be sufficiently smaller 
than the area of interest so that the strain field does not develop out of the region of interest. The 
spherical indenter can be coated in accordance with the description in Section 3.4 and 
subsequently employed as a stamp. Then, the stamped region can be imaged with confocal or 
fluorescent microscopy. 




measurement of the contact area and AR. The RCA is obtained at the measured AR from Figure 
18. Indentation modulus Ecircle is obtained by applying a Hertzian fit to the loading curve of the 
load-displacement indentation curve. Then, Equation 48 and 54 calculate Eexact. Since both AR 
and RCA are not dependent on the load and depth, the marker can be left at any depth as long as 
it does not exceed the linear zone of the material, which is typically a maximum of 10% of the 
tip radius, though this can vary by test material. 
 
Figure 18. The RCA versus AR 
4.5 LIMITATIONS OF THE STUDY 
 
All the theories involved in this study are based on the linear-elastic assumption, and 
tensile tests were confined by low strain (5%), and can only be applied to materials that are 
transversely isotropic, or local transversely isotropic (for examples, fiber-reinforced materials 
with non uni-directional fiber distributions). The method may not be applicable for tensile tests 
that surpass the linear regime or for highly nonlinear materials. The method also requires a 
visualization of the indent via the described method or another approach, which can be difficult 
with small tip sizes. For the demonstrated method, the minimum ball radius with which we could 




clear indenter marker using the exact approach described. Furthermore, it may not be possible to 
coat the tip with the fluorescent beads for certain experimental set ups. In our case, we used a 
custom system that made it possible to use the stamping technique. However, we could not 
employ this method with commercial systems in shared facilities.  We also found that the 
experimental results were consistently slightly higher than those obtained by finite element 
analysis and the analytical solution. This may be caused by adhesion of the tip to the surface or 
the fluid that carried the fluorescent beads. Nevertheless, we demonstrated that the level of 
experimental error was not problematic. Since the stamping was not performed in fluid, adhesion 
effects may have been present. Despite this result, the experimental results were not statistically 
different from the others. This study also did not consider time-dependent behaviors, such as the 
viscoelasticity and poroelasticity of the materials. In order to develop a more complete 
understanding of the tissue, these time-dependent material behaviors warrant investigation with 
experiments and modeling. 
4.6 SUMMARY AND CONCLUSIONS 
This study has developed a simple experimental method to determine the indentation 
modulus of a locally transversely isotropic collagenous material. The staining process in our 
approach was first validated with an isotropic polyacrylamide gel and later applied to the 
transversely isotropic tendon tissue. This study concluded that displacement control yields results 
with higher quality. However, if no controlled stage is available, then the simple load control 
method can be applied as illustrated here in order to obtain the contact mark.  
  The experimental, theoretical, and finite element analysis results for AR and the contact 
areas at various fiber orientations were compared. The study suggests that AR is dependent on 




relationship between AR and RCA was established at the end of the study, which enabled 
correction of the indentation modulus as calculated by circular approximation. The research also 
provided application and experimental steps to utilize the method with heterogeneous, locally 
transversely isotropic material. These steps can offer guidance to future studies on heterogeneous 
tissue that use indentation.  
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CHAPTER 5: A METHOD TO CHOOSE CORRECT TIP SIZE BASED ON THE FIBER 
DIMENSION AND STRUCTURE 
5.1  INTRODUCTION 
 
Biological tissues, including cervix and tendon, are fiber-reinforced soft tissues. Such 
tissues can be described as composites with a homogeneous isotropic solid matrix in which 
collagen fibers are distributed.1–3 Natural tissues are hierarchically structured materials that 
exhibit varying structural and mechanical characteristics in fibers over a range of length scales.4–
6 As a consequence of the varied structure, tissues exhibit a diversity of mechanical properties 
depending on length scale.  
Previous research has used a variety of tip sizes and reported indentation moduli of the 
same tissue within a wide range.7–9 The size of the tip may influence results regarding 
indentation modulus; thus, the selection of the tip size is critical in terms of its association with 
the underlying fiber distribution structures. 
This chapter has two purposes. The first is to exemplify the application of the MIA and 
non-circular contact correction to indentation experiments. The second is to illustrate that 
changes in tip size can lead to different indentation results.  The chapter also provides guidelines 
for selecting the tip and designing the indentation experiment based on the fiber dimensions and 
distributions. The research for this chapter used two spherical tip sizes: one with a 9-um radius 
and the other with a 100-um radius. Porcine digital flexor tendons were prepared in multiple 
fiber orientations to illustrate the different interactions between the tip and the material structure.  
5.2  SAMPLE PREPARATION AND EXPERIMENTS  
 




Porcine flexor tendons were cut in three distinct fiber orientations at Φ = 0°, 45°, and 90°. 
Section 4.3.2 details the preparation procedure.  
5.2.3 Porcine flexor tendon sample preparation for SHG imaging 
Tendon samples for SHG imaging were sliced with Cryostat (Leica CM3050 S Research 
Cryostat, Leica Bio-systems, Nussloch, Germany) at a 50-um thickness as described in Section 
4.3.2. The slice of tissue was sandwiched between a 3’-by-1’ glass microscope slide, with a 0.8’-
by-0.8’ glass cover slip. Transparent coating glue was spread along the edges of the cover slide 
to prevent dehydration of the sample.  
5.2.4 Indentation tests with a 100-um radius spherical tip with Hysitron indenter 
The Hysitron Triboindenter was utilized for indentation tests on the tendon samples with 
a 100-um radius spherical tip. The Hysitron Triboindeter is an instrumented indenter and has 
been introduced in Section 1.2. It was originally designed for indentation on hard materials. In 
Chapter 3, we developed the MIA, which can use this indenter to perform indentation on soft 
materials10. The 100-um radius indentation tests were conducted with displacement control 
following the two consecutive load-unload cycles at 4-um and 8-um indentation depths, 
respectively. The displacement rate for this work was 2um/s. Three samples were tested for each 
fiber orientation of Φ=0°, 45°, and 90°. The angle Φ is the angle between the fiber direction and 
loading direction in indentation, and it has been defined in Chapter 4, Section 4.2, Figure 2. The 
indentations were performed in a one-by-three matrix in each sample (N=9, 3 samples in total) 
with at least 500um between two neighboring indents.  
5.2.5 Indentation tests with 9-um radius spherical tip with Piuma indentor 
The Piuma Nanoindenter was employed for indentation tests on the tendon samples using 




introduced in Section 1.2. In this study, we conducted indentation tests in displacement control 
following the two load-unload cycles at 6-um and 8-um indentation depths with Piuma indenter, 
respectively, in order to calculate indentation modules from MIA described in Chapter 3. The 
displacement rate in this section was set at 2um/s in order to match the rate for the Hysitron 
indentation tests. Three samples were tested for the fiber orientations of Φ=0°, 45°, and 90°, and 
the indentations were performed in a three-by-three matrix on the sample surface with 500um 
between two neighboring locations. 
5.2.6 SHG imaging and image analysis on fibril diameter 
Second-harmonic generation images for fibril dimension analysis were scanned for an 
area of 10-by-10 um at a resolution of one-by-one pixel for one imaging frame in order to view 
individual fibrils. The images for collagen fiber and fascicle dimension analysis were scanned for 
an area of 500-by-600 um with a 50-by-50 pixel imaging frame. Each pixel was 23.15nm in SHG 
imaging.  
The fibril dimension analysis was carried out through ImageJ. Specifically, a line was 
drawn along the transverse directions of the fibrils (see Figure 19B), and the average diameter of 
the fibrils was evaluated along the line. ImageJ evaluated the pixel intensity along the white line, 
and the peak width indicates the diameter of an individual fibril. The fascicle dimensions were 
measured by tracing the boundaries between the two fascicles, which encompassed a narrow 
black region that represents the isotropic area (see Figure 19C) between the two green regions, 
which symbolize the collagen bundles with a strong direction alignment (see Figure 19C). The 
contact areas of the 9-um, 100-um, and 500-um radius tip sizes at 8-um indentation depth were 




were selected to perform indentation with Piuma indenter to calculate the young’s modulus of 
the tendon tissue. 
 
Figure 19 (A) Tendon anatomy as adapted from (refs) was used to summarize the length scales of 
the fiber components in the tendon tissue; (B) evaluation of the average ± standard deviation of 
fibril diameter in the porcine flexor tendon from a transverse section, with the white line indicating 
the range of evaluation; (C) fascicle boundaries (white lines) from a longitudinal section 
illustrating the range of fascicle sizes 
 
5.3 ANALYSIS OF THE INDENTATION RESULTS  
 
The analysis of the indentation results involves the methods on which Chapters 3 and 4 
have elaborated. The MIA for Hertzian contact theory (Chapter 3) was employed to obtain the 
indentation moduli through the Piuma indenter in this study. The moduli were measured by the 
MIA at the same tip size but different orientations, Φ, and analyzed with a one-way ANOVA and 
post-hoc Tukey test. Next, the non-circular contact correction (see Chapter 4) adjusted the 




and uncorrected contact areas were compared. An estimation of the correction factor, or RCA, 
was derived from Figure 10 in Chapter 4. Both Figure 19A and 19B in the current chapter were 
directly obtained from Figure 15B, and Figure 18 in Chapter 4.  
5.4  RESULTS AND DISCUSSION 
 
This section reports the results for the indentation moduli of the samples of porcine 
tendon at three fiber orientations (Φ = 0°, 45°, and 90°) as measured with two tip sizes, namely 
with 9-um and 100-um radii. The dimensions of the fiber components were also measured to 
illuminate the regions inside the fibers with which different tips were possibly in contact. This 
section concludes by discussing possible sources of difference between the results from the 
various tip sizes and demonstrating the importance of tip size selection. 
5.4.1 The indentation moduli obtained using two tips sizes 
Figures 20A and 20B contain representative data for the loading curves for 4-um 
indentations and the respective Hertzian fits.  
Figure 20B depicts only one curve, the Φ = 90 orientation, since the curves overlap at 
different fiber orientations for the 9-um indenter. Figure 20C reports the values of indentation 
moduli at the three fiber orientations as determined by the MIA and with the two tip sizes. There 
was a statistically significant difference in modulus for each of the three fiber orientations when 
measured with the 100-um tip (P<0.05). In contrast, there was no statistically significant 
difference in modulus for each of the three fiber orientations when measured with the 9-um tip 
(P>0.05).  
The correction for non-circular contact was then made on the indentation moduli obtained 
from the MIA and the Hertzian fit using the piuma indenter, and Figure 21 presents the results. 




various fiber orientations were also significantly different (P<0.05). The difference between the 
corrected and uncorrected values measured with the Piuma indenter at Φ = 90°, 45°, and 0° were 
3.6%, 2.2%, and 0%, respectively.  
 
Figure 20. Indentation modulus obtained through the MIA and 100-um and 9-um radius spherical 
tips; (A, B) loading curve and Hertzian fit from the three fiber orientations; (B) depicts only one 
experimental curve because the curves overlap for the three fiber orientations for indentation with 
the 9-um tip; (C) indentation modulus obtained through the MIA and the two tip sizes; the 
modulus measured at each orientation for the 100-um radius tip was significantly different 
(p<0.05); no significant difference in modulus emerged between orientations for the 9-um radius 
tip (p>0.05). 
 
The moduli for different fiber orientations differed when measured with the 9-um 
spherical tip but not with the 100-um spherical tip. This paragraph discussed the mechanical 
response of the tendon under indentation as a composite of the solid matrix with elastic fibers 
bundles, and the fibers do not mechanically respond under compression. Indentation was a 
compression-tension mixed behavior. The region of contact was under compression, and the 
region out of contact near the indenter was under tension18. Loading the tendon at Φ = 0° 
(longitudinal loading, see loading direction in Chapter 4, Figure 11) induced compression along 
the fiber, and the tension was induced transversely to the fiber orientation. Since the fibers did 




modulus should thus reflect the modulus of the solid matrix only. As the fibers rotate toward Φ = 
90°, the tension was induced in along the fiber; thus, the fibers were gradually stretched along 
the longitudinal direction during indentation. Because of the differing levels of fiber responses at 






Figure 21. Indentation moduli with and without non-circular corrections at different fiber 
orientations; statistical analyses indicate that indentation moduli differ significantly by fiber 
orientation with both corrected and non-corrected results, and there is also a significant difference 
between the corrected and non-corrected results at Φ = 90° and 45°. 
 
The results in Figure 21 reflect the above discussion. More transversely oriented fibers 
corresponded to greater overestimation of the indentation modulus by the circular approximation. 
After the non-circular corrections, the statistical analyses still highlighted differences in 
indentation moduli between fiber orientations. Previous studies have also used a spherical tip or 




statistical differences.11–13 However, all the tip sizes that they have used have been considered 
large, ranging between 500um and 1mm.  
Possible reasons that the 9-um tip could not detect the differences in moduli between 
orientations include the following. Firstly, 9-um radius tip with 8um indentation depth likely 
exceeds the small/infinitesimal deformation zone, thus, theory of infinitesimal elastic 
deformation no longer applies under this case. Secondly, the small spherical tip with 9-um radius 
will result in high noise to signal ratio, and thus varied the test results. Moreover, the 9-um radius 
tip could only cause local deformation of the fiber, rather than a fiber-scale tensile behavior; 
since the fibers were crimpled at zero-load status, an initial load was needed to straighten the 
fibers in order to stretch them. A last possibility is that the material that was in contact with this 
small size of the tip was homogenous at that length scale. These possibilities motivate a study of 
the dimensions of the collagen fiber components and the contact area under different tip sizes in 
relation to the fiber dimensions.  
5.4.2 Tip sizes effects in relation to the dimensions of fiber components 
Figure 19A illustrates the tendon anatomy from a paper by James H. and C. Wang.14 The 
figure summarizes the length scale of the fiber components in the tendon tissue. Figure 19B 
depicts the measurement of the average diameter of the fibrils from the sample with fibers 
oriented transversely. An individual fibril was measured as 15 pixels or 350nm. The white line in 
Figure 19C indicates the fascicle boundaries, which were recognized from the image of a tendon 
sample with longitudinally oriented fibers. The dimensions of the fascicles differ by location, 
and the range of fascicle diameter was 50um to 200um. 
Figure 22A plots the Hertzian contact area under 9-um, 100-um, and 500-um radius 




indentation tests. Figure 22B gives the non-circular contact correction factor RCA, which was 
obtained from Figure 15 in Chapter 4. Figure 22C, 22D, and 22E illustrates the relative size of 
the corrected contact areas under the tip sizes compared with the fiber structures at 8-um 
indentation depth.  
 
Figure 22 (A) Contact area as a function of indentation depth for three tip sizes (9-um, 100-um, 
and 500-um radius) based on the Hertzian contact solution; (B) correction factors for Φ= 0°, 45°, 
and 90° as obtained from Figure 1; (C, D, E) the SHG images of porcine flexor tendon at Φ= 0°, 
45°, and 90°. The yellow ellipses demonstrate the size of the contact area under 9-um, 100-um, 
and 500-um radius spherical tips at 8-um indentation depth after consideration of the non-circular 
contact correction; C, D, and E also illustrate the relative sizes of the contact areas compared to 
the fiber structures and length scales.  
 
The 100-um radius tip was in contact with collagen fiber bundles, and the 500-um radius 
tip was in contact with even more collagen fiber bundles, as Figure 22C indicates. However, both 
tips were in contact within a fascicle, as Figure 22E reveals. The 9-um radius tip was in contact 
with multiple fibrils within a collagen fiber, as Figure 22C demonstrates. 
The dimension of the fibrils and fascicles as measured from the porcine digital flexor 




important because the dimensions of the fiber components vary from tissue to tissue and are 
usually associated with tissue functions.  
With the measured fiber component dimensions, we discuss the three possibilities that 
have been mentioned in the last paragraph of Section 4.1. Since the structure under contact for 
100-um and 500-um radius tips were similar, i.e. within a fascicle, but in contact with multiple 
collagen fiber bundles, it was appropriate to assume that the AR of contact that the two tips made 
was the same and thus the results in Chapter 4 could be used. The 9-um radius tip was in contact 
within a collagen fiber with multiple fibrils, and it was not known whether the AR of contact 
under the 9-um radius tip could be assumed to be the same as that under the 500-um radius tip. 
In order to examine the possibilities of force differences at different fiber orientations, the 
corrected indentation moduli measured from 100-um radius indenter were referenced. Based on 
Equation 54 in Chapter 4, the theoretical load for Φ= 0°, 45°, and 90° were 1.08uN, 0.89uN, and 
0.54uN, respectively. The minimum force resolution that Piuma Nanoindenter can sense is 20pN; 
thus, if the experiments were carried out ideally, the current load measurement capability would 
be able to sense this difference. However, this experiment involved multiple factors that could 
introduce errors and increase the difficulty of the experiment. The surface roughness poses one 
of the most significant problems, the rougher the surface is, the lower force is needed to reach an 
8-um indentation depth (since the actual contact area will be smaller), and will thus result in a 
lower indentation modulus. In this study, even though we processed our sample surfaces 
carefully at 50-um smoothening steps, the surface could not be flat in the scale of a couple fibrils 
(350nm in diameter for each fibril). This roughness could potentially affect the results from the 
9-um radius tip, as the roughness was about 10% of the contact radius. In contrast, for the 100-




measurements from the 9-um radius tip that could have resulted in the lack of significant 
differences in the results between fiber orientations. 
Figure 22C indicates that the fibers were crimped, and an initial force was needed in 
order to pre-stretch them. This value of the preload can be evaluated from the solid matrix 
properties and the fiber crimp level. This initial force has not been previously reported, but the 
region of the tendons under uniaxial tensile tests were usually evaluated at 1% of the strain.15–17 
Thus, we assumed that 1% strain was needed in the solid matrix in the longitudinal direction of 
the fibers in order to pre-stretch the fibers, so the required stress along the longitudinal fiber 
orientation was 1%*70kPa, or 0.7kPa. A finite element analysis simulation was performed as 
described in Chapters 3 and 4, with the modulus of the solid matrix input into the isotropic 
material model. The force needed to generate a 0.4kPa stress, or 1% strain in fiber direction at 
transverse orientation, was 0.7uN. The maximum load at 8um was 0.88uN, as Figure 20B notes, 
which can possibly explain why no differences emerged among the moduli of different fiber 
orientations that were measured under the 9-um radius tip. When the fibers could not be pre-
stretched despite the direction of their rotation, the indentation modulus that we measured was 
the modulus of the isotropic solid matrix.  
The findings above demonstrate that future studies on indentation of soft biological 
tissues must understand the fiber characteristics in order to choose a tip that enables the 
measurement of differences between tissue locations. The major factors that can inform tip 
selection are the dimensions of the fibrils, collagen fibers, and collagen fiber bundles as well as 
the nonlinearity (i.e. crimping level) of the fibers. With the tip selection studies described in 
Chapter 5, a procedure is listed below to study anisotropic but locally transversely-isotropic 




Firstly, the fiber component length scales in the tissue allow for an estimate of the 
structure in which the tip is in contact. Additionally, the surface structure roughness that the fiber 
length scale contributes is necessary to consider. Studies should employ tips that can make 
sufficiently large contact radii to overcome this roughness. Studies can overcome this surface 
roughness by selecting an appropriate tip size and a suitable indentation depth that is based on 
such tip size.18,19  
Then, we need to understand the fiber distribution orientations, and make stamping marks 
on material surfaces at the interested fiber orientation, in order to know the contact area at a 
certain depth with a certain fiber orientation. With the information of the contact area from the 
stamping marks, we can calculate AR and RCA as described in Section 4.3 and Section 4.4 
respectively.  
5.5  CONCLUSIONS 
 
This study has compared three tip sizes with regard to the indentation depth, selected two 
of the tips that gave consistent measuring result, and reported indentation moduli that were 
measured by two selected spherical tip sizes. Using the 100-um radius spherical tip, we were 
able to detect differences in indentation modulus at different fiber orientations, whereas we could 
not when using the 9-um radius spherical tip. The possible reasons were as follows. On the one 
hand, the surface roughness on the order of several fibril diameters can result in large errors 
when using the 9-um radius tip. On the other hand, 9-um radius tip with 8um indentation depth 
likely exceeds the small/infinitesimal deformation zone, thus, theory of infinitesimal elastic 
deformation no longer applies under this case. This study concludes the major factors that can 
affect tip selection and offers guidance for choosing the right tip size based on the fiber 




5.6  LIMITATIONS 
 
This study used Hertzian contact theory, which is based on an assumption of linear 
elasticity, as discussed in this chapter, a small tip size with a large indentation depth will no 
longer fit into the linear elastic Hertzian theory, a model that allows large deformation need to be 
developed to simulate the test with small tip.  
Surface roughness need to be considered in future study, since this be critical for 
determining a good and small tip size and corresponding indentation depth. If tip size and depth 
selection are not enough to make full contact with the material surface, the indentation modulus 
will be underestimated.  
In this study, since the collagen fibers were densely packed, the fiber dispersion ratio, and fiber 
density was not considered changing throughout the whole tissue. However, in many other 
tissues, such as that of the cervix,20–22 collagen fibers are not as densely packed as they are in 
tendon, so the dispersion ratio and density of the fibers would vary from location to location in 
the tissue, and the factors mentioned above were not considered in this study.  
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CHAPTER 6: SUMMARY AND FUTURE WORKS 
6.1  THESIS SUMMARY  
 
This thesis has introduced a series of methods to correctly design and analyze indentation 
experiments on soft materials and anisotropic biological tissues. It has specifically addressed 
challenges of indentation with soft biological materials. 
Chapter 3 has addressed a surface detection obstacle that complicates indentation on soft 
material. The novel MIA method has been developed and presented in order to detect the sample 
surface and thus be able to obtain material properties from indentation tests. This method has 
been developed with consultation of both the Oliver-Pharr model and the Hertzian model. 
Chapter 4 has focused on a non-circular contact challenge that hinders accurate 
estimation of the indentation modulus. It has developed a simple experimental method for 
estimating the true contact area as well as a more accurate indentation modulus. This method 
facilitates simple multiplication of a correction factor to allow for correction of the indentation 
modulus that results from the circular contact approximation. 
Chapter 5 has discussed the challenge of choosing the correct tip size for a particular 
fiber structure. This chapter has exemplified the application of the MIA and non-circular contact 
correction to the indentation tests and provided an experimental protocol and guideline for 
selecting a suitable tip size.  
6.2  FUTURE WORKS 
 
Mechanobiological modeling of biological tissues has widely adopted computational 




biological mechanisms.1–3 Continuum constitutive models, such as the Gasser-Ogden-Hassel 
model,4 the Yeoh model,2 and the Mooney-Revlin model5, merit development or study for the 
quasi-static properties of biological tissues in the future. 
The next step is to examine a more heterogeneous fibrous tissue – rat cervical tissue – 
with the methods and theories in Chapters 3 through 5. The rat cervical tissue can be imaged by 
SHG through the entire cross-section and digitally segregated into zones according to the fiber 
distribution characteristics. The fibril size and regions of interest can be measured to inform 
spherical tip selection. A steel bead can be selected accordingly in order to perform the non-
circular contact correction measurements. The loading curves can be studied with both the 
Hertzian fit, as this chapter has done, and the hyperelastic constitutive model.   
A suitable tip size can be selected on the basis of the fibril size in each zone. By 
following the previous steps, the loading part of loading-unloading curves can be studied in 
terms of both Hertzian fit and the hyperelastic constitutive model. The implementation of the 
hyperelastic model is under development. 
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